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Abstract 
Perhaps due to relative speed and reliability, the information that light provides is useful to 
many animals. As a result, visual systems are a major, sensory system in several animal 
groups. Various aspects of vision become tuned by the environment and behavioural need, 
including relative sensitivity, speed, colour, and in some species, polarization. The 
stomatopod crustaceans (mantis shrimps) are remarkable in that they possess, at the retinal 
level, the most complex colour system known including 12 spectral sensitivities. However, 
like other crustaceans their lifestyles may also rely on the information they can receive from 
polarization. This is evident from the range of polarization sensitive areas of their subdivided 
eye. The hemispheric regions of the stomatopod eye are linear polarization sensitive, in a 
total of four different e-vector orientations. Additionally, stomatopods are able to rotate their 
eyes making the actual angle of polarization sensitivity to the outside world arbitrary. 
Perhaps most interesting in the context of polarization vision is the function of the eighth 
retinular cells, known as R8, of rows 5 and 6 of the midband region. These birefringent cells 
act as quarter-wave retarders allowing stomatopods to be sensitive to circularly polarized 
light (CPL). This ability has yet to be demonstrated in other animals and compared to linear 
polarization vision (LPV), circular polarization vision (CPV) is not well understood. 
 
The aim of this thesis was to further investigate rows 5 and 6 of the midband in a range of 
stomatopod species, using both behavioural and anatomical techniques. Firstly, through 
modelling the birefringent properties of the R8 in six species, it is revealed that the ability to 
discriminate CPL is shared among many stomatopods (Chapter 2). Adaptive pressure to 
maintain the size of the R8 cell, achieving quarter-wave retardance, suggests that it provides 
an important role for stomatopods. However, one species included in this study, Haptosquilla 
trispinosa, is likely sensitive to a different ellipticity of polarized light than circular. 
 
Since its discovery in 2008, it was hypothesized that circular polarization vision could provide 
a covert communication system for stomatopods. Chapter 3 uses behavioural paradigms to 
examine the discrimination abilities of Gonodactylaceus falcatus, a species of stomatopod 
with extensive polarization patterns on their bodies, and demonstrates that they use circular 
polarization as a signal for burrow occupancy. However, as variation in body patterns exist 
between species, with some species having none at all, other roles for CPL need to be 
considered. H. trispinosa is one species of stomatopod that lacks circularly polarized 
reflections, and the birefringent properties of their R8 cells, presented in Chapter 2, favours 
sensitivity to a form of elliptically polarized light, not circular. Behavioural discrimination tests 
 iii 
confirm the presence of elliptical polarization vision (EPV) in this burrow dwelling species 
and further behavioural testing provided possible uses for this new polarization sensitivity.   
 
Understanding how an animal uses an ability like CPV, or EPV, when humans are 
insensitive to this property of light present many challenges. While the retinal anatomy of 
stomatopods is relatively well understood the neural processing of visual information, a vital 
part of this understanding, has been relatively neglected in stomatopods. The final research 
chapter of this thesis (Chapter 5) uses serial blockface scanning electron microscopy to 
investigate the first optic neuropil, the lamina. A three-dimensional reconstruction of 
individual lamina cartridges allows identification of cell types and pathways below the retina 
and provides a new method for use in stomatopod neural architecture investigations. 
 
The research presented in this thesis provides evidence contrary to the assumption that row 
5 and 6 of the midband provide all species with CPV, despite appearing anatomically 
identical. We present a number of alternative hypotheses for the function of these rows, 
highlighting the likelihood that for different species specific roles exist.  
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1.1 A brief introduction to polarization 
Polarization is a primary property of light which describes the orientation of light wave 
oscillations. Light, an electromagnetic wave, is composed of an electric and magnetic field 
which are perpendicular, however polarization refers to the electric field. Polarization has 
three variables: the angle of polarization (AoP0) which describes the angle of the light wave 
oscillations, the degree of polarization which explains the percentage of light which is 
polarized, and ellipticity which relates to the plane the light waves are travelling in. Linearly 
polarized light (LPL) (Fig. 1.1A) occurs when light waves oscillate in a single plane and is 
common in most environments. Circularly polarized light (CPL) (Fig. 1.1A) results from 
waves of light rotating around an axis in the direction of travel, and can be either left- or 
right-handed depending on the field of rotation.  The ellipticity of light can be changed by 
passing through materials that change the speed of the transmission based on their 
refractive index. LPL can be converted to CPL, or vice versa, by passing through a material 
known as a quarter wave retarder, causing a ± 90° phase shift between the components of 
the light wave (Fig. 1.1B). Any other phase difference results in elliptically polarized light 
(EPL) (Fig. 1.1A). 
 
1.1.1 Polarized light in underwater environments 
Polarized light is common in nature, and while produced in a number of ways, most naturally 
occurring polarized light results from reflection and scattering (Fig. 1.1C) (Wehner, 2001). 
The scattering of light off particles in the water produces predominately horizontally 
polarized light, although the position of the sun throughout the day determines this (Ivanoff 
and Waterman, 1958, Cronin et al., 2003) (Fig. 1.1D). The degree of polarization underwater 
is quite low (usually not above 30%) due to the murkiness of water, though it can reach up 
to 60% in clear oceanic environments (Ivanoff and Waterman, 1958, Cronin et al., 2003). 
 
The celestial hemisphere provides predictable polarization patterns often used by insects 
for navigation (Rossel, 1993, Labhart and Meyer, 2002, Wehner and Muller, 2006)(Fig. 
1.1E). Even underwater these patterns provide an information source for animals close to 
the surface through Snell’s window (Sabbah et al., 2006), the optical phenomenon where 
an underwater observer can see everything above the surface through a small circular area 
due to the refraction at the air/water boundary. Although the sky pattern is compressed and 
distorted by the air/water interface these cues can still be used for navigation. For example, 
the grass shrimp, a decapod crustacean, uses the celestial polarization patterns to orient 
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escape responses in shallow water (Goddard and Forward, 1991). Salmonid navigation is 
also thought to rely on celestial polarization cues (Hawryshyn, 1992). 
 
 
 
One hypothesis as to why many marine animals possess visual systems sensitive to 
polarization is to provide contrast enhancement. Because polarized light is predominantly 
horizontal underwater, a vertical polarizing filter would, at least partially, block it out (Fig. 
1C). An increase in the contrast between an object and the background may result for a 
variety of reasons (Shashar et al., 2011, Marshall and Cronin, 2014) aiding the detection of 
objects underwater. How and Marshall (2014) found that a two-channel polarization system 
(with polarization sensitivities orientated vertically and horizontally like that seen in 
BA
C
Figure 1.1: Polarized light in the environment. A) 
Common polarization states of light: linearly polar-
ized light (LPL), elliptically polarized light (EPL) and 
circularly polarized light (CPL). B) LPL is converted 
to CPL when it pases through a quarter wave retard-
er. C) Polarization occurs from reflection off surfaces, 
resulting in mainly horizontally polarized light.  D) 
Images of a reef scene through orthogonal linear 
polarizing filters (direction indicated by the dou-
ble-headed arrows) and a false colour image reveal-
ing the direction of the polarized light (colour wheel in 
bottom right corner represents the legend for linear 
polarization direction). E) The sky is a valuable 
source of polarization information as it has a predict-
LPL EPL CPL
D
E
Quarter wave plate
able polarization pattern which forms concentric circles based on the location of the sun. Source: C) 
Wehner, 2001, D) Cronin and Shashar, 2011, E) Hombrey et al., 2011
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stomatopods, other crustaceans and cephalopods (Talbot and Marshall, 2011)) is ideal for 
detecting objects based on the degree of polarization. 
 
1.2  Polarization vision 
To make use of polarization information animals need to have a visual system capable of 
detecting it. This ability falls into two categories, polarization sensitivity and polarization 
vision. Polarization sensitivity allows animals to detect polarized light but are unable to 
accurately determine the angle or degree of polarized light. Information obtained from 
polarization may not be able to be separated from brightness. On the other hand, 
polarization vision is the ability to discriminate between two light sources of the same 
luminous intensity but of different e-vector orientation and/or degree of polarization.  
 
Visual systems capable of detecting LPL frequently contain structures with orthogonal 
geometric organization within the eye. The orientation of the receptor cells themselves 
and/or the alignment of the visual pigments within them is used to construct this requirement. 
Polarization sensitivity is seen in many arthropods because of their rhabdomeric 
organization including orthogonal microvilli packing (Goldsmith, 1975, Waterman, 1981, 
Nilsson and Warrant, 1999). While many visual systems are inherently polarization 
sensitive, to possess true polarization vision the ability to detect two or more e-vector 
orientations is required. In the underwater environment, this ability is so far only known in 
cephalopods and stomatopods (Marshall et al., 1991, Shashar and Cronin, 1996, Shashar 
et al., 1998, Marshall et al., 1999, Shashar et al., 2000). 
 
Many animals are sensitive to LPL, especially invertebrates such as insects and crustaceans 
(Duelli and Wehner, 1973, Rossel and Wehner, 1984, Marshall, 1988, Schwind, 1991, 
Marshall et al., 1999), but also some vertebrates including fish, birds and amphibians (Adler 
and Taylor, 1973, Able, 1982, Hawryshyn, 1992, Deutschlander and Phillips, 1995, 
Hawryshyn, 2000, Muheim et al., 2007, Novales Flamarique, 2011). The anatomical 
requirements and function of the polarization vision system in invertebrates is well 
researched and understood. However, the polarization vision system in vertebrates is less 
clear. Vertebrate visual systems have visual pigments that are found in membranes stacked 
into disks, suggesting that the visual system is not polarization sensitive (Snyder and 
Menzel, 1975). Despite this, polarization sensitivity has been demonstrated in several 
species of fish, such as trout and anchovies (Hawryshyn and Bolger, 1990, Flamarique and 
Harosi, 2002). Several hypotheses have been proposed to explain this ability but most 
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convincingly the structures responsible for polarization sensitivity in anchovies have been 
described. Unlike other vertebrates, anchovies have unique photoreceptor organization with 
membrane stacks orientated side on to incoming light allowing e-vector sensitivity 
(Flamarique and Harosi, 2002). In other vertebrates, the membrane lamellae stacks are 
orientated transversely to the incoming light with opsin molecules in random orientations, 
which do not allow for PS. 
 
1.2.1 Crustacean polarization vision 
Most crustaceans have paired apposition or superposition compound eyes with ommatidia 
constructed from eight retinular cells (Eguchi and Waterman, 1968, Stowe, 1980, Marshall 
and Cronin, 2014).  The R1-7 cells (retinular cells 1 – 7) form a stacked rhabdom with 
orthogonally arranged microvilli, and the small R8 cell (retinular cell 8) forms a distally placed 
rhabdom. Crustaceans in general appear to invest in polarization detection over colour, a 
notable difference to many insects. Insects often have a specialized area for polarization 
vision, known as the dorsal rim area (DRA), that usually faces up towards the sky (as it is 
used for polarized skylight navigation with the celestial polarization pattern) (Wehner and 
Strasseur, 1985, Brunner and Labhart, 1987, von Philipsborn and Labhart, 1990, Homberg 
and Paech, 2002). The DRA is specialized for polarization vision though its precise 
alignment of microvilli in two perpendicular orientations. Interestingly the structural 
specialization of the DRA is homologous to the structure of the crustacean eye. Further 
structural adaptation in crustaceans for polarization vision include interdigitating microvilli. 
These prevent self-screening and allow for long rhabdoms which remain highly polarization 
sensitive (Snyder, 1973, Snyder and Laughlin, 1975). Most crustacean eyes have 2 major 
orthogonal e-vector sensitivities in one ommatidium, which is different to other arthropods 
that have two sensitivities in the whole eye. Despite the presence of two sensitivities in many 
crustaceans, true polarization vision has only been demonstrated in stomatopods and fiddler 
crabs (Marshall et al., 1999, Chiou et al., 2008, How et al., 2012). 
 
1.3 The stomatopod visual system 
1.3.1 General structure and an introduction to function 
Stomatopods are benthic crustaceans that inhabit a range of marine habitats, at varying 
depths (Fig 1.2). Stomatopods have apposition compound eyes which in general follow the 
same basic design found in other crustaceans. The ommatidia consist of a cornea, 
crystalline cones, pigment cells and eight retinular cells (Fig. 1.3B, C). Stomatopods have 
modified this basic unit to form 16 different retinal cell types that not only appear 
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anatomically different but also perform different functions, enabling them to utilize not only 
spectral information but also polarization (Marshall, 1988, Cronin and Marshall, 1989a, 
Cronin and Marshall, 1989b, Cronin et al., 1993, Marshall and Land, 1993, Cronin et al., 
1994b). This functional specialization is located in the equatorial band in the stomatopod 
eye termed the midband, which divides the eye into a dorsal and ventral hemisphere (Fig. 
1.3B, C, E). 
 
 
 
Figure 1.2: Stomatopod crustaceans. 
Somatopods are benthc marine crustaceans 
that live in a range of habitats, often creating 
burrows in rock (A - Haptosquilla trispinosa), 
coral (B - Odontodactylus brevirostris) or 
sand (C- Lysiosquilla sulcata) substrates. 
Stomatopods are predatory animals that 
often ambush prey from their burrows (C). 
Photo source: Roy Caldwell
A
C
B
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Figure 1.3: The stomatopod eye. (A) The apposition compound eye in Odontodactylus scyllarus. The 
segmented eyes (B) reveal the dorsal (DH) and ventral (VH) hemispheres separated by the midband 
(labelled rows 1 to 6). The linear polarization sensitivities of the hemispheres are represented by the arrows. 
(C) Diagram of sagittal section through the eye of O. scyllarus showing the visual axis with the midband 
represented in colour. (D) Diagrammatic representation of a cross section through the retina (dashed line in 
B) . (E) Section through the curved surface of the retina showing the midband and hemispheres. The crystal-
line cone is present on the right and moving through pigment to the R8 cells. The R1-7 rhabdom is visible on 
the right in midband rows 2-6. (F) Longitudinal section through a rhabdom in the DH. The orthogonal interdigi-
tating microvilli are supplied by different retinular cells. Scale: E) 100µm, F) 1.5µm Source: A and B) Roy 
Caldwell, D) Thoen 2014, adapted from Marshall et al., 1993, E and F) Marshall et al., 2007
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Observations of a stomatopod examining its environment quickly reveals that their eyes are 
constantly in motion, and that they move independently of each other. Stomatopods utilize 
a number of different eye movements including smooth and saccadic tracking, scanning, 
and large field optokinetic stabilization (Land et al., 1990, Cronin et al., 1991, Marshall et al., 
2014, Daly et al., 2016). More recently, acquisitional saccades were also confirmed as a 
method of eye movement (Marshall et al., 2014). Stomatopods freely switch between these 
modalities, however the factors that determine which movement will be used remain 
unknown. Eye movements play an important role for stomatopods because it allows them 
to bring objects of interest quickly into view. Stomatopods have a strip of ommatidia in both 
hemispheres which examine the same 10º in space. The hemispheres are skewed so that 
70% of all ommatidia examine this 10º strip and the remainder of the ommatidia are more 
peripherally oriented, examining over 180º (Marshall et al., 1991)(Fig. 1.3D). The midband 
is also optically aligned to view the same 10º strip as the hemispheres, so three areas from 
a single eye views the same point in space. Furthermore, stomatopods possess an area of 
high acuity which is oriented perpendicular to the midband. It is this fovea-like acute zone 
that is moved to objects of interest by the rapid saccadic eye movements. 
 
1.3.2 The hemispheres and linear polarization vision 
The hemispheric regions of stomatopod eyes contain only 2 retinal cell types and are 
structurally similar to the retinas of other crustaceans. The hemisphere rhabdom structure 
has a two-tier design constructed from eight retinular cells (Marshall et al., 1991) (Fig. 1.3 
C). The eighth cell, known as R8, forms a short rhabdomere that is positioned distally to the 
main fused rhabdom of the R1-7 cells (retinular cells 1 to 7) (Marshall et al., 1991). 
Hemispheric R8 cells possess spectral sensitivities in the ultra violet (UV) while the R1-7 
rhabdom contains a visual pigment with peak sensitivity near 500nm. Both self-screening 
and the length of these rhabdoms (up to 1mm in some species) broadens the sensitivity of 
the R1-7 cells considerably (Snyder, 1973, Cronin and Marshall, 1989b). 
 
The R1-7 rhabdom is made up of orthogonal interdigitating microvilli and the entire length 
of the rhabdom is contributed to by all seven retinular cells (Fig. 1.3F). As in other 
crustaceans the largest retinular cell (numbered cell 1) occupies an entire side of the 
rhabdom and contributes more microvilli than the other cells (Eguchi and Waterman, 1967, 
Hallberg, 1977, Marshall et al., 1991). There is a 45º rotation of the microvilli orientations in 
the main rhabdoms in the dorsal compared to the ventral hemisphere (Marshall et al., 1991). 
The R1-7 rhabdom of the hemispheres are sensitive to linear polarization (LP) and due to 
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the 45º rotation between the dorsal and ventral hemisphere have microvilli that are 
orientated in 4 different directions (Fig. 1.3B).  
 
The R8 cells of the hemispheres (as well as those in midband rows 1-4) consist of layered 
orthogonal microvilli. The cells are four-lobed and resemble a four-leaf clover in the 
transverse section, with each lobe responsible for microvilli in one direction that meet the 
microvilli of the opposite lobe at the center of the rhabdom (Marshall et al., 1991). The 
microvilli of the dorsal hemisphere orientated are shifted in orientation by 45º compared to 
those in the ventral hemisphere, however polarization sensitivity of these cells is destroyed 
by the orthogonal microvilli arrangement within a single cell (Marshall et al., 1991). 
 
1.3.3 Evidence for linear polarization vision 
Electrophysiological evidence for LP sensitivity in Gonodactylus chiragra was presented by 
Kleinlogel and Marshall (2006). This study supported previous structural evidence showing 
the areas of the eye that are potentially involved in polarization vision (Marshall et al., 1991), 
highlighting the hemispheres which sample four e-vector orientations for LPL (-45, +45, 0, 
90º). These photoreceptor arrangements and physiological measurements are interesting 
with respect to the highly rotational eye movements and suggest that stomatopods do not 
experience the null points in linear polarization (LPV) vision that are common in other 
crustaceans. How et al. (2014) demonstrated behaviourally that the reef dwelling 
stomatopod species, H. trispinosa, do not experience null points at 0º and 45º as expected 
from anatomical structure alone. This was attributed to the rotational ability their eyes, 
therefore changing the orientation of the polarization sensitive receptors relative to the 
outside world.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
 
1.3.4 The midband and circular polarization vision 
The stomatopod midband is a highly-specialized area of the compound eye, housing the 
remaining 14 cell types encompassing the colour and circular polarization vision (CPV) 
systems (Fig. 1.3 C). The midband can account for up to 30% of the total retinal volume in 
some species of stomatopod and the rhabdoms in this area are almost invariably larger than 
those found in the hemispheres in all dimensions (Marshall et al., 1991).  
 
The colour vision system is located in rows 1-4 of the midband and contains 12 different cell 
types (Manning, 1980, Cronin and Marshall, 1989b, Cronin et al., 1993).  Each row has a 
distally placed R8 cell which samples in the UV. The remaining R1-7 cells have become 
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split into two different tiers which detect colours in the range from 400-720nm.  The tiered 
arrangement of the cells in these midband rows result in the cells that normally create the 
interdigitating layers of microvilli being stacked on top of each other. Rows 1, 3 and 4 of the 
midband have the same structure with cells 1, 4 and 5 creating a distal tier, and cells, 2, 3, 
6 and 7 creating a proximal tier. This order is reversed in row 2 (Marshall et al., 1991, Cronin 
et al., 1994a, Cronin et al., 1994b) with cells 2, 3, 6 and 7 making up the distal tier and cells 
1, 4 and 5 making up the proximal. Microvilli in these rows of the midband are less organized 
and thicker than the hemisphere and rows 5 and 6. The layers of microvilli within the 
rhabdoms are thicker and there remains an orthogonallity of microvilli for each cell. In rows 
1-4 both the R8 cells and the R1-7 cells therefore remove polarization sensitivity through 
orthogonal microvilli in one cell type, presumably creating a clean colour signal without the 
polarization sensitivity that is intrinsic to invertebrate rhabdoms (Horváth, 2014, Marshall et 
al., 2014). 
 
CPV is unique to stomatopods and located in rows 5 and 6 of the midband. These rows 
have the same gross structure as the hemispheres (and other crustaceans) with a distally 
placed R8 cell over the main rhabdom of R1-7 cells. The main rhabdom in rows 5 and 6 of 
the midband appear diamond shaped in cross section and have the thinnest orthogonal 
microvilli layers found in the stomatopod eye (Marshall et al., 1991) (Fig. 1.4A, C). Stowe 
(1983) suggested that thin layers of orthogonal microvilli aid polarization sensitivity by 
preventing self-screening (Snyder and Laughlin, 1975). In rows 5 and 6 the R8 cells can 
occupy up to 20% of the total rhabdom length (sum of R8 rhabdom and R1-7 rhabdom) and 
they contain microvilli oriented in a single direction (Marshall, 1988, Marshall et al., 1991) 
(Fig. 1.4B, D). The R8 cells of these rows appear elliptical in cross-section and are four 
lobed like all other R8 cells. The two lobes that sit along the long side of the ellipse contribute 
most of the microvilli within these cells and the microvilli towards the end of the cell are 
produced by the smaller lobes of the R8. This R8 structure is critical for quarter-wave 
retardance, a factor that is essential for CP sensitivity (Chiou et al., 2008).  
 
The R8 cells of rows 5 and 6 have two roles (Chiou et al., 2008, Kleinlogel and Marshall, 
2009). Not only do they act as quarter-wave retarders for CPV, they are also LP sensitive in 
the UV. Stomatopods have at least four types of photoreceptors sensitive to UV which are 
all R8 cells (Marshall and Oberwinkler, 1999, Cronin et al., 2014). The R8 cells of rows 5 
and 6 have a peak sensitivity at 335 nm and are sensitive to LPL (Kleinlogel and Marshall, 
2009). Stomatopods are the first marine animals shown to have specialized UV-polarization 
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vision, however it is unknown if they actually analyze the UV-polarization for specific tasks. 
Due to the 90º shift in the orientation of the microvilli between the rows, row 6 is most 
sensitive to the e-vectors that are parallel to the midband and row 5 is most sensitive to the 
e-vectors perpendicular to the midband (Fig. 1.4E). It is notable that this 90º shift, at least in 
theory, could allow for UV-polarization opponency between the R8 cells in rows 5 and 6. 
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Row 5         Row 6
Figure 1.4: Rhabdom structure of row 5 
and 6 of the midband. A) Transverse sec-
tion through the R1-7 rhabdom of row 6. B) 
Transverse section through the R8 of row 6. 
C) Longitudinal section showing the bi-di-
rectional microvilli of the R1-7 rhabdom of 
row 6. D) Longitudinal section showing the 
unidirectional microvilli of the R8 cell of row 
6. E) The quarter-wave retardance function 
of  the R8 cells of row 5 and 6 convert 
incoming circularly polarized light to linearly 
polarized light. The 90° shift in the orienta-
tion of the microvilli between rows 5 and 6 
results sensitivities to e-vectors perpendic-
ular and parallel to the midband. Scale: A) 
2mm, B) 1mm, C and D) 0.2mm. Source: 
A-D) Marshall et al., 2007, E) Chiou et al., 
2008
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1.3.5 Quarter-wave retardance in R8 cells 
The conversion of incoming circularly polarized light into LPL for the underlying 1-7 rhabdom 
to detect is critical for CPV, and a specific birefringent structure is needed to do this (Fig. 
4E). The packing and size of the microvilli in the R8 cells of row 5 and 6 form a birefringent 
structure. This structural birefringence is then combined with the intrinsically birefringent 
microvillus membrane and results in the overall birefringent properties of the R8 
rhabdomere, enabling conversion of CPL to LPL through quarter-wave retardance of 
constituent e-vectors (Roberts et al., 2009). One particularly interesting property of the R8 
cell is that the quarter-wave activity is achromatic. Interplay between the intrinsic and form 
birefringence of the R8 cell lead to achromatic retardance across the 400 – 700 nm 
wavelength region of the spectrum (Roberts et al., 2009). Such spectrally flat retardance is 
sought after in optical engineering. 
 
1.3.5 Evidence for circular polarization vision 
Chiou et al. (2008) demonstrated behaviourally based CPV in the stomatopod 
Odontodactylus scyllarus. Using operant conditioning with food as a reward, a two-way 
choice test was able to show that this species of stomatopod can discriminate between left- 
and right-handed CPL.  The same study also presented strong electrophysiological 
evidence for CPV, as the orthogonal cell layers (1,4,5 and 2,3,6,7) in the R1-7 rhabdom 
show sensitivity to either left- or right-handed CPL. Due to the 90º rotation between rows 5 
and 6, the same population of cells in both rows is sensitive to the same handedness of CP.  
Also, the R1-7 receptors were insensitive to the e-vector of incoming LPL as the R8 cell 
converts LPL to CPL, due to its quarter-wave retardance, which the underlying R1-7 are 
unable to detect. 
 
1.4 Visual information processing in stomatopods 
The neural architecture of stomatopods has, until recently, remained largely unstudied. 
However, given the complexity of the retina it would likely provide invaluable insight into how 
stomatopods process their range of spectral and polarization input. Much of the interest into 
the optical processing in stomatopods has come initially from the complex colour vision 
system and questions regarding how the 12 spectral sensitivities are handled. Several 
hypotheses have been suggested, from a serial opponency system, similar to the one used 
by humans and other animals, to a parallel processing system reminiscent of how the 
frequency of sound would be encoded by the cochlea. Thoen et al., (2014) carried out 
behavioural experiments which suggested that stomatopods may use a different form of 
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colour processing, possibly one similar to the suggested parallel processing scheme. In such 
a system, information from each photoreceptor would not be compared as in an opponent 
system, but rather binned into separate compartments, giving a coarse but fast and reliable 
colour processing system. 
 
1.4.1 The optic neuropils of stomatopods 
Like other arthropods, stomatopods have three nested optical neuropils, termed the lamina, 
medulla and lobula (Strausfeld and Nassel, 1981, Schiff et al., 1986, Schiff, 1987, Kleinlogel 
et al., 2003, Kleinlogel and Marshall, 2005, Thoen et al., 2017) (Fig 1.5 A, B), which are 
located in the eye stalk. Beneath the lobula lies the lateral protocerebrum which is composed 
of several smaller structures, many of which are yet to be named. Initial investigation into 
the optic neuropils (Kleinlogel et al., 2003, Kleinlogel and Marshall, 2005, Thoen et al., 2017) 
revealed they follow a similar layout to what is seen in other crustaceans, but that the 
midband pathway is distinctly visible throughout the three first optic lobes. 
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Figure 1.5: Optic neuropils of the 
stomatopod eye. A) Immunolabelled 
section of the retina and optic neuropils 
showing the midband (MB), lamina (la), 
medulla (Me), lobula (Lo) and lateral 
protocerebrum (LPC). B) Section 
through the optic neuropiles highlighting 
the midband pathway with arrows (Sale: 
300µm). C) Enlarged lamina cartridges 
of the midband from P. ciliata, labelled 
1-6. Oblique sections through the lamina 
cartridges of rows 1-4 (D) and rows 5 
and 6 (E) of P. ciliata. Scale: 30µm. 
Source: A and B) Thoen 2014, D and E) 
Thoen et al., 2017
C
ED
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The lamina ganglionaris is the best studied optic neuropil in crustaceans (Hamori and 
Horridge, 1966, Nassel, 1975, Nassel and Waterman, 1977, Strausfeld and Nassel, 1981, 
Sztarker et al., 2009). It is the first optic neuropil, below the retina, and it is composed of 
cartridges, each of which contains the photoreceptor axons and terminals of the R1-8 cells 
from a single ommatidium (Kleinlogel and Marshall, 2005, Thoen, 2014) (Fig. 1.5C). The 
likely function of the lamina is to encode the spatiotemporal image from the mosaic from the 
photoreceptors, sharpen the contrast and establish parallel pathways for the processing of 
colour and polarization (Thoen et al., 2017). The midband cartridges appears as a swelling 
across the lamina (Fig. 1.5D, E), however no significant differences have been observed in 
the structure between the hemisphere and midband cartridges, other than overall size and 
shape. This suggests that chromatic, achromatic and polarization information is processed 
using a similar set of cells and that any complex colour processing probably does not take 
place in the lamina (Strausfeld and Nassel, 1981, Thoen, 2014, Thoen et al., 2017).  
 
The medulla is the second optic neuropil, receiving information from the lamina through the 
long visual fibers from the R8 cells and monopolar relay cells. It forms an intricate, highly 
stratified columnar structure (Strausfeld and Nassel, 1981, Thoen et al., 2017). Similar to 
the cartridges of the lamina, each column represents information from one ommatidium. 
Again, the midband is distinctly visible, the larger columns produce a swelling on the distal 
side. Thoen et al. (2017) speculated that the large midband terminals result from the 
processing required for the quick responses during eye scans. The medulla encodes many 
different types of visual information, including colour and polarization, and is expected to 
house many different cell types, such as in insects (Strausfeld, 1976, Strausfeld and Nassel, 
1981). These cell types would include monopolar cells terminals, amacrine cells, tangential 
cells and various trans-medullary cells such as the Y-shaped neurons. 
 
The final optic neuropil, the lobula, continues with the stratified structure, although not as 
distinct than what is seen in the medulla (Thoen et al., 2017). The lobula is likely involved in 
the processing of many different visual channels, such as colour, polarization and intensity, 
and it is one of the main processing centers for motion vision (O'Shea and Williams, 1974, 
Berón de Astrada and Tomsic, 2002, Paulk et al., 2008). In stomatopods, it appears that the 
midband information pathway is integrated with parts of the lobula representing the 
hemispheres of the eye, suggesting that there could be an integration of the chromatic and 
achromatic pathways in this region.  
 
 17 
1.5 Polarization patterns in communication 
Colour signalling is commonplace in the animal kingdom with spectral cues providing 
information during aggressive, defensive and courtship displays, and it is also used for 
camouflage. Theoretically polarized signals could be used in the same way. There are few 
examples to this date showing any strong evidence to support the use of polarized light for 
signalling, however this is a much neglected and relatively new area of investigation.  
 
Stomatopods are one of the best examples of an animal using polarization signaling. They 
produce polarized patterns from various body parts which can be either linear or circularly 
polarized (Chiou et al., 2005, Cronin et al., 2009) (Fig. 1.6A-F). The extent, location and type 
of reflection produced varies between species, with some even showing differences in 
reflection patterns between males and females. Stomatopods have two classes of linear 
polarizers; One that, to humans, appears blue in colour and another that appears red (Chiou 
et al., 2005, Jordan et al., 2016). The blue type of reflector is localized in small areas of the 
body and is generated by oval shaped vesicles enclosed in membranes that form a thread-
like structures under the cuticle (Fig. 1.6B, C). Blue type reflectors are highly polarized to all 
viewing angles and maximally polarized around 520 nm, producing mostly horizontally 
polarized light through layers of ovoid vesicles under the cuticle (Jordan et al., 2016).  The 
red type reflectors are found in the cuticle of stomatopods, and are consequently lost during 
each molt. They consist of layers of laminar membranes, which produce a degree of 
polarization between 20 and 70%. The red type of reflector often covers a larger area of the 
body such as the carapace and antennal scales. Despite the difference in colour, the 
maximal reflectance of the red reflector is also around 500 nm. 
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Choiu et al. (2011) documented the potential importance of the iridescent blue polarizer of 
the 1st maxilliped of H. trispinosa during mating behaviour. When the signal from the 
maxilliped of male H. trispinosa was altered and subsequent mating behaviour observed, 
females preferred males that retained a polarization component to their display. While the 
males with the altered maxillipeds were still successful at mating, females took longer to 
D
F
E
Figure 1.6: The polarization sig-
nals of stomatopods. A) Linearly 
polarized 1st maxillipeds of H. trispi-
nosa resulting from vesicles under-
neath the cuticle (CU) shown in (B) 
and (C). D) The circular polarization 
patterns of G. falcatus which are 
highly visible during a defensive 
display. E) Circular polarization from 
the telson keel of O. cultrifer. F) Lin-
ear polarization reflections from the antennal scale of O. scyllarus: Source: A) Choiu et al., 2011, B 
and C) Chiou et al., 2005, D) Gagnon et al., 2015, E and F) Cronin et al., 2009. Scale: B) 5μm, C)  
0.45μm
A CB
E
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accept them, in addition to shorter mating times and elevated aggressiveness when 
compared with control males (where no changes were made to their maxillipeds).   
As mentioned some stomatopods species have circular reflections on their bodies, a 
property that is only known from one other animal group, the scarab beetles (Neville and 
Caveney, 1969). Circular patterns result from a combination of linearly polarized red 
reflectors and a quarter-wave retarder layer in the cuticle (Chiou et al. unpublished). Circular 
patterns are found on various parts of the body often involved in displays and in some 
species, such as Gonodacylaceus falcatus, they cover a large percentage of the body (Fig. 
1.6D). Chiou et al. (2008) identified several species from the family Odontodactylidae where 
only the males had circularly polarized body patterns. These patterns were located on parts 
of the body associated with communication, suggesting they may be important in sexual 
signaling. 
 
1.6 Significance of project 
Research into the stomatopod visual system has already resulted in a number of 
technological developments in the emerging field of biomimicry. The quarter-wave retarder 
function of R8 cells in particular led to the development of a novel material for digital data 
storage (Jen et al. 2011). Further understanding of this complex visual system, both the 
structure and function of the retina, and how information is processed, could, for example, 
aid in the development of optical technologies (Roberts et al., 2014). This project would add 
to the growing body of research which shows that polarization, a property of light not 
exploited by humans, actually plays a vital role in the lives of animals in both terrestrial and 
marine environments. 
 
1.7 Aims and questions 
This thesis aims to deepen the understanding of the CPV system of stomatopod 
crustaceans. Using both behaviour and anatomically based methods the following main 
questions were addressed: 
- Is there variation in the birefringent properties of R8 cells between and within 
species? (Chapter 2) 
- Does H. trispinosa have a visual system tuned to detect a form of elliptically polarized 
light, instead of circular? (Chapter 3) 
- What are the potential uses of sensitivity to circularly polarized light? (Chapter 2 and 
4) 
- Is G. falcatus able to discriminate circularly polarized light? (Chapter 4) 
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- What is the organization of a lamina cartridge from row 5 and 6, and how is 
polarization information processed in the first optic neuropil? (Chapter 5) 
 
1.8 Thesis organization 
Chapter 1: Provides an overview of polarization and the visual system of stomatopods 
Chapter 2: Determines that the size of the R8 cell is conserved compared to other retinal 
cells. However, variability both within and between species can affect the modelled 
birefringent properties of the cell. 
Chapter 3: Investigates whether H. trispinosa have an elliptical polarization vision system 
in rows 5 and 6 of the midband. 
Chapter 4: Determines the discrimination abilities of G. falcatus in terms of polarization, and 
provides details of CP as a communication signal 
Chapter 5: Describes the organization of the lamina cartridge of row 5 of the midband with 
high resolution electron microscopy 
Chapter 6: Summarizes the thesis and offers concluding remarks 
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Chapter 2: 
Circularly polarized light detection in stomatopod crustaceans: 
a comparison of photoreceptors and possible function in six 
species 
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2.1 Abstract 
A combination of behavioural and electrophysiological experiments have previously shown 
that two species of stomatopod, Odontadactylus scyllarus and Gonodactylaceus falcatus, 
can differentiate between left and right handed circularly polarized light (CPL), and between 
CPL and linearly polarized light (LPL). It remains unknown if these visual abilities are 
common across all stomatopod species, and if so, how circular polarization sensitivity may 
vary between and within species. A sub-section of the midband, a specialized region of 
stomatopod eyes, contains distally placed photoreceptor cells, termed R8 (retinular cell 
number 8). These cells are specifically built with unidirectional microvilli and appear to be 
angled precisely to convert CPL into LPL. They are mostly quarter-wave retarders for human 
visible light (400-700nm) as well as being ultraviolet sensitive linear polarization detectors. 
The effectiveness of the R8 cells in this role is determined by their geometric and optical 
properties. In particular, the length and birefringence of the R8 cells are critical for 
retardation efficiency. Here, our comparative studies show that most species investigated 
have the theoretical ability to convert CPL into LPL, such that the handedness of an 
incoming circular reflection or signal could be discriminated. One species, Haptosquilla 
trispinosa, shows less than quarter-wave retardance. While some species are known to 
produce circularly polarized reflections (some Odontodactylus species and G. falcatus for 
example), others do not, so a variety of functions for this ability are worth considering.  
 
2.2 Introduction 
Various aspects of vision are determined by environmental and behavioural need including 
overall sensitivity, spatial resolution, colour sensitivity and in some species, polarization 
sensitivity (PS). PS is common among invertebrates (Waterman and Horch, 1966, Schwind, 
1991, Labhart and Meyer, 1999), but also found in vertebrates such as fish (Hawryshyn, 
1992, Coughlin and Hawryshyn, 1995, Hawryshyn, 2003, Roberts et al., 2004, Roberts and 
Needham, 2007). As a source of visual information and as a visual cue, the polarization of 
light is used by many insects for navigation (Rossel, 1993, Labhart and Meyer, 2002, Dacke, 
2003, Wehner and Muller, 2006) and water body location (Schwind, 1984, Horváth and 
Varju, 1997). Other invertebrates such as cephalopods and crustaceans also use 
polarization to increase visual contrast (Temple et al., 2012, How and Marshall, 2014, How 
et al., 2015) and for visual signalling (Cronin et al., 2009b, Marshall et al., 2014b).  
 
Polarization is a fundamental property of light and, in the context of animal vision, 
polarization refers to three measureable quantities for light that is made up of multiple waves 
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(Goldstein, 2010). 1) The angle of polarization (AoP) defines the average angle at which the 
individual waves of light oscillate. If a linear polarizer is placed in the path of the light, then 
this is the angle at which the maximum intensity is transmitted. 2) Ellipticity: The electric 
fields of individual waves may be pictured as oscillating in a single plane or rotate as a circle 
or an ellipse around their direction of travel. Linearly polarized light (LPL) ocurs when the 
multiple waves within a beam of light waves oscillate, on average, in a single plane. This 
contrasts with circularly polarized light (CPL), where the rotating individual waves result, at 
any one point in time, in an equal measureable intensity in all directions. Elliptically polarized 
light (EPL) is the most general form, in-between LPL and CPL. As a numerical value, 
ellipticity ranges from -1 or +1 for left-handed CPL to right-handed CPL respectively. A value 
in-between represents EPL and 0 is the special case for LPL.  
 
Certain materials can change the ellipticity of polarized light according to their refractive 
index. The refractive index is an optical property relating to the speed that light is transmitted 
within a material. Some materials have more than one refractive index, which cause the 
components of a single wave of light to travel at different speeds. As one component lags 
behind the other, a phase difference is introduced. If this phase difference (or retardation) is 
equal to one quarter of the light’s wavelength, individual waves can be imagined to rotate in 
a circle around the direction of propagation, either in a clockwise or anti-clockwise direction 
depending on the sign of the phase delay (Hecht, 1987, Goldstein, 2010). The retardation, 
d, itself depends on both the birefringence (the difference between the refractive indices of 
a material), D, the wavelength, l, and the thickness, t, of the material and is given by,  
 !(#) = 	 '() Δ+(#),.      (1) 
 
An optical structure or device that creates a phase retardation of a quarter of a wavelength 
is called a quarter-wave retardation plate, or quarter-wave retarder. Materials that have the 
correct thickness and birefringence to convert LPL to CPL also work the opposite way, 
converting CPL to LPL. 3) The degree of or percentage polarization is the ratio of the 
(averaged) intensity of the polarized portion of the light to its total (averaged) intensity. For 
LPL, this is the extent to which multiple waves oscillate at the same angle of polarization. 
Man-made polarizing filters generally achieve a percentage polarization close to 100%. 
However, in nature, the percentage polarization of light is generally much lower. Light in the 
sky that scatters in the atmosphere has a maximum of around 60% (Wang et al., 2016) and 
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can be around 40% in the ocean (Cronin et al., 2003a). Polarized animal signals can have 
a percentage polarizations of up to 80%  (Marshall et al., 2014b, Jordan et al., 2016). 
 
Sensitivity to the polarization of light relies on the intrinsic PS of the retinal photoreceptors 
(Roberts at al., 2011).  The rhabdomeric photoreceptors of invertebrates, particularly insects 
and crustaceans, are polarization sensitive due to their orientational order and unidirectional 
microvilli (Snyder, 1973b, Snyder, 1973a, Roberts et al., 2011). Many crustaceans arrange 
their microvilli in two interdigitating perpendicular directions and position their 
photoreceptors relative to the outside world, allowing for maximal sensitivity to H and V 
polarized light (Waterman and Horch, 1966, Alkaladi et al., 2013, Marshall and Cronin, 
2014). Stomatopods, benthic marine crustaceans, have a more complex retinal structure 
and organization of photoreceptors (Fig. 2.1A, B), which enables different information 
channels to be utilized in parallel (Marshall et al., 1991, Marshall and Cronin, 2014). The 
ommatidia in the dorsal and ventral hemispheres of stomatopod eyes follow similar 
organization seen in other crustaceans for sensitivity to linear polarization, except that the 
groups of microvilli in each hemisphere are oriented at ±45° with respect to each other 
(Marshall et al., 1991) (Fig. 2.1C). Furthermore, stomatopods exhibit a range of eye 
movements including rotation and scanning, and move their eyes both independently and 
asymmetrically. The ability to rotate their eyes around the eye-stalk axis makes the actual 
angle of PS relative to the world arbitrary, potentially allowing serial analysis of polarized 
light (Marshall et al., 1991) or specific optimization of PS for improving contrast of an object 
against a background (Daly et al., 2016).  
 
 25 
 
 
Stomatopods use both LPL and CPL visual signals for inter- and intraspecific 
communication. Many species broadcast a variety of different linearly polarized visual 
signals (Cronin et al., 2003c, Cronin et al., 2003b, Chiou et al., 2005, Cronin et al., 2009a). 
For example, the first maxillipeds of many Haptosquilloids are involved in sexual signals 
(Chiou et al., 2011) and recently, How et al. (2014) showed that the linearly polarized 
dimension of this signal may have evolved through a mechanism of sensory bias. Circular 
polarization signalling may also facilitate communication (Chiou et al., 2008) and constitute 
a private communication channel for stomatopods, one which remains invisible to other 
animals, but highly salient to conspecifics (Gagnon et al., 2015). So far however, only a few 
species have been found with CPL reflections and there are some species that appear to 
lack any polarization signal at all, potentially relying only on colour.  It is worth noting there 
are also several potential functions other than signalling such as contrast enhancement 
(Daly et al., 2016) or haze reduction (Schechner et al., 2003) that might make it worthwhile 
evolving sensitivity to one or both types of polarized light. One of the purposes of the study 
DH
1
  
6
VH
A C
B
Figure 2.1: Eye structure of stomatopod crustaceans. Odontodactylus scyllarus (A) and close up of 
the eye (B) showing the pseudo pupils of the three sections, the dorsal (DH) and ventral (VH) hemi-
spheres and the midband (showing midband rows 1 to 6). The microvillar direction and resultant linear 
polarization of the hemispheres are represented by the crossed arrows, the circular polarization sensitivi-
ty in rows 5 and 6 by the circle. The dashed line shows the area of the retina depicted in the diagrammatic 
section in (C). Source: A and B) Roy Caldwell, C) Marshall et al., 1991.
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described here was to begin to clarify which species have the potential sensory mechanism 
to detect CPL. 
 
Stomatopod sensitivity to CPL relies on what are known as the R8 cells (retinular cell 
number 8) in the row 5 and 6 receptors of the midband photoreceptors (Fig. 2.1) (Chiou et 
al., 2008). The R8 cell occupies a position above the main R1-7 rhabdom and acts as a 
quarter-wave retarder, converting any incoming CPL to LPL. The result is that the underlying 
R1-7 rhabdoms become effectively sensitive to CPL by the fact that they detect the 
converted LPL. What is particularly unusual about the R8 cell is that the retardation is 
wavelength insensitive (achromatic). Whilst equation 1 describes how the retardation is an 
inverse function of wavelength, the effective birefringence of the R8 cell increases at longer 
wavelengths, cancelling out the effect of the change in wavelength and creating a constant 
retardation (Roberts et al., 2009). This wavelength-independent effective birefringence of 
the R8 cell occurs through a combination of the intrinsic birefringence of the microvillar 
membranes and a form birefringent component due to the ordered structure of sub-
wavelength sized components (Born and Wolf, 1999). The effectiveness is therefore 
controlled by measureable characteristics of the cell; the length of the R8 rhabdom, the 
diameter of the microvillar tubes and the volume packing fraction of the microvilli in the cell 
(Fig. 2.2B, (Marshall et al., 1991)). Changes to either property alter the overall, effective 
birefringence of the cell. 
 
The reliance on cell size for a specific retardance function is itself intriguing. When 
comparing different species of stomatopod, differences in body size exist: adult Haptosquilla 
trispinosa are usually less than 35mm in length compared to adult Lysiosquillina maculata 
which can grow to more than 30cm. Large size differences also exist developmentally within 
a species. For example, the post-larvae of L. maculata are smaller by more than a factor of 
ten than the adults. There are concomitant differences in eye size and internal eye anatomy 
and changes to eye size could limit the space available to the R8 cell both optically and 
anatomically (Marshall et al., 1991). Any such changes may affect the retardance and optical 
function of the cell, unless one factor is adjusted relative to another, and investigating these 
changes was a second aim of this work. We also set out to quantify the potential differences 
in R8 cell size across different species of stomatopod and determine what effect body size 
has on the cells’ function as a quarter-wave retarder. Attention was paid to differences that 
may occur within species, such as differences between males and females, variation in size 
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between individuals and finally any variation within eyes according to photoreceptor 
placement and packing. 
 
2.3 Methods 
Stomatopods were collected from coral reef and rubble, and mangrove areas around Lizard 
Island (14°40'40.8"S; 145°26'48.1"E) at a depth range of 0.5 to 5 m (GBRMPA Permit no. 
G12/35005.1, Fisheries Act no.140763). Species collected were Gonodactylaceus falcatus, 
Gonodactylus smithii, Haptosquilla trispinosa and Lysiosquillina maculata. Two further 
species, Odontodactylus scyllarus and O. latirostris, were collected from Shag Rock off 
North Stradbroke Island (27°25'0"S; 153°32'59.9"E) at a depth range of 10-20 m Moreton 
Bay Marine Park permit no: QS2013/CVL625). The animals represent species of a wide 
body length range (20-200 mm) in the Gonodactyloid and Lysiosquilloid superfamilies. 
Animals were either anesthetized and dissected at the field site, or transported live to the 
holding aquaria at the University of Queensland, St Lucia.  
 
2.3.1 Retinal cell measurements 
The animals were anesthetized by cooling on ice, decapitated, and both eyes were removed 
and fixed in 4% paraformaldehyde and 2.5% glutaraldehyde (in PEMS buffer) (adapted from 
(Chiou et al., 2005)). Samples were post fixed in 1% osmium tetroxide, and dehydrated in 
solutions with increasing ethanol concentrations. Samples were then infiltrated and 
embedded in EPON resin blocks for transmission electron microscopy (TEM). A microwave 
regime (Pelco Biowave, Ted Pella, USA) was used to aid dehydration (1 minute at 150 watts 
for each ethanol concentration) and infiltration (3 minutes at 150 watts under vaccum).  
 
Embedded eyes were sectioned using an ultramicrotome (EM U26, Leica, Germany). 
Ultrathin (~60nm) and semithin (~500nm) coronal sections were obtained through the entire 
rhabdom in rows 5 and 6 of the midband (Fig. 2.2. Ultrathin sections were collected on 
copper grids and stained with 5% uranyl acetate in 50% ethanol and Reynolds Lead citrate 
for viewing in TEM (JEM- 1010, Jeol, Japan). Semithin sections were collected on glass 
slides and stained with toluidine blue for light microscopy (Bx61, Olympus, Japan). 
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Images of R8 cells were collected from the high acuity region of the eye (Marshall et al., 
1991), along with other regions for comparison, using both TEM and light microscopy, which 
allowed for measurements to be made for both the length of the R8 cell and the width of the 
microvilli. Light microscopy was also used to make a separate set of measurements of the 
length for both the R8 and the R1-7 rhabdom.  The total length of the rhabdom was obtained 
by adding the R8 and R1-7 measurements. Measurements were acquired from TEM images 
using iTEM imaging software (EMSIS, Muenster, Germany).  To record the length of R8 
cells across the whole eye, serial sections were obtained for light microscopy through the 
entire row 5 and 6. Images were registered in Fiji (Schindelin et al., 2012) and the positions 
of R8 cells digitized using custom Matlab-based scripts (Mathworks, 2016). 
 
2.3.2 Model development and calculation of R8 retardation values 
Using the methods developed by Roberts (2006) and Roberts et al. (2009), two-dimensional 
surface plots of retardation values were calculated based on R8 cell lengths and R8 microvilli 
diameter along with assumed refractive indices (Roberts et al., 2009). The surface plots 
allow direct visualization of the parameter sets that combine to create a specific retardation 
value. The contour lines depict particular values of retardance, with the bold line indicating 
the measurements required for quarter-wave functionality (0.25). All calculations were 
performed using R (v3.2.5, CRAN April 2016) and the script is available upon request. 
Effective dielectric tensors (Beche and Gaviot, 2003) were calculated for microvillar 
VH
B BA Figure 2.2: R8 cell anatomy of row 5 and 
6. A) 90˚ cross section 
through the R8 cells of 
midband row 5, arrow 
indicates the length of 
the R8 cell. B) 90˚ cross 
section through the 
tightly packed unidirec-
tional microvilli of a Row 
6 R8 cell. Scale bars: A) 
100µm B) 400nm.
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diameters in the range 20-85 nm and photoreceptor lengths 40-120 µm. Onto these plots 
were mapped the experimentally measured values.  
 
2.3.3 Statistical analysis 
Data were analysed using a standardized major axis regression in R (v3.2.5, CRAN April 
2016), using the smatr package, to determine the relationship between the entire rhabdom 
length and the length of the R1-7 and R8 rhabdoms across and between species. 
 
2.4 Results 
2.4.1 Total rhabdom measurements 
Measurements of the R1-7 and R8 rhabdoms were completed using 16 individuals from 5 
different species of stomatopod: (Gonodactylus smithii (n=5), Odontodactylus scyllarus 
(n=2), Odontodactylus latirostris (n=3), Lysiosquillina maculata (n=3) and Haptosquilla 
trispinosa (n=3) (Table 2.1 and Fig. 2.3).  Measurement of the length of the R1-7 rhabdom 
and the R8 rhabdom were obtained from row 5 in all individuals and in row 6 for 13 
individuals. An average total rhabdom length was calculated for each individual by averaging 
all measurements from rows 5 and 6. For each individual between 3 and 6 measurements 
were made for each row.  
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2.4.2 Conservation of R8 cell length 
The rhabdom length varies between individuals based on body size (Fig. 2.3). Larger 
individuals have longer rhabdom lengths than smaller individuals. R1-7 cells account for the 
majority of the rhabdom and the length can vary greatly both within and between species. 
The R8 cell on the other hand is more consistent in length, with only small variability between 
individuals of differing body lengths (Fig. 2.3).  Plotting the total rhabdom length against the 
length of the R1-7 cells shows a strong correlation between variables (R=0.99) which 
remains strong when considering individual species (Fig. 2.4A). The relationship between 
the total rhabdom and the R8 length is weaker (R = 0.54), indicating that the R8 cells are 
more constrained in length than the R1 -7 cells (Fig. 2.4B). Although the slopes for individual 
species do vary, the relationship between the R8 cell length and the total rhabdom length 
remains weak in all species. 
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Figure 2.4: Relationship of R1-7 and R8 to the total rhabdom length. A and B include measure-
ments for both rows 5 and 6 from 5 species of stomatopod, G. smithii (Gs, n=4), O. latirostris (Ol, n=3), 
O. scyllarus (Os, n=2), L. maculata (Lm, n=3) and H. trispinosa (Ht, n=3). Each graph shows the slope 
for the overall data set (black) and one for each species. A) Relationship of R1-7 length and total rhab-
dom length (Overall R= 0.99, Gs R=0.99, Ol R=0.97, Os R= 0.99, Lm R=0.97, Ht R=0.96). B) Relation-
ship of R8 length to total rhabdom length (Overall R= 0.54, Gs R=0.41, Ol R=0.8, Os R=0.42, Lm 
R=0.48, Ht R=0.002). 
Total rhabdo
A
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2.4.3 R8 measurements for use in the calculation of the retardation 
To further investigate the relationship between the length of the R8 rhabdom and the width 
of the individual microvilli within each R8 cell (Fig. 2.2, C and D) a second set of 
measurements were made from 25 individuals from 6 species of stomatopod; Gonodactylus 
smithii (n=7), Gonodactylaceus falcatus (n=3), Odontodactylus scyllarus (n=3), 
Odontodactylus latirostris (n=3), Lysiosquillina maculata (n=4) and Haptosquilla trispinosa 
(n=5) (Table 2.2). These measurements were obtained using only light microscopy 
preparations where the whole length of the rhabdom could be measured. Measurements 
were acquired from 24 of the included individuals for row 5 and 22 for row 6.  Measurements 
are only included here if they were obtained for both the length of the R8 and the width of 
the microvilli in a single row. The number of measurements made for each individual varied 
(from 2 to 15 measurements for R8 length, and 14 to 45 measurements for microvilli width) 
based on the alignment of the sections through the R8. The average R8 length and microvilli 
width were calculated for each individual (Table 2.2). 
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2.4.4 Variation between species 
R8 cells vary slightly in their birefringent properties between species, although for most, this 
has little effect on their function as quarter-wave retarders. Figure 2.5 illustrates the 
birefringent properties of the R8 cells in each species.  O. scyllarus, O. latirostris, L. 
maculata, G. smithii and G. falcatus (Fig. 2.5) all have R8 cells that fall close to the line 
which the model predicts will provide quarter-wave retardance, resulting in a circular 
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Table 2.2: Summary of the R8 measurements obtained from each animal. Average length of the 
R8 and width of the microvilli for both row 5 and 6 with the standard deviation and the number of 
measurements obtained in brackets (st dev, n) for each animal. 
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polarization sensitivity in rows 5 and 6. In H. trispinosa the R8 cell measurements fall closer 
to the 0.2 line, suggesting that these cells convert CPL into EPL.  
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Figure 2.5: Birefringent properties of R8 cells from different species of stomatopod. This figure 
combines the measurements for the R8 cells with the calculations of retardation values to predict the 
birefringence in different species G. falcatus (n=3), G. smithii (n=7), O. latirostris (n=3), O. scyllarus 
(n=3), H. trispinosa (n=5) and L. maculata (n=4). Contour lines represent modelled retardance value 
for corresponding R8 cell length and microvillus widths. Bold contour lines represent the value for 
quarter-wave retardance (0.25). Each point is the average of measurements (R8 length and microvil-
lus length) for either row 5 or row 6 with different individuals shown in different colours and their body 
lenth (in mm) is listed in the associated legend for each panel.
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2.4.5 Variation within species 
There was some variation in the size of the R8 cells, in relation to the length of the animal. 
This mostly affected species that displayed a large variation in body length, such as in L. 
maculata (which varied in body length from 32 mm to 200 mm) and in O. scyllarus (which 
varied from 45 mm to 167mm). The corresponding R8 cells varied from 64.03µm to 85.80µm 
in L. maculata and 41.87µm to 95.54µm in O. scyllarus, and resulted in variation in the cells 
calculated birefringence (Fig. 2.5). Essentially, small, presumably juvenile animals in these 
species possess R8 cells that would not convert circular polarization to linear but to EPL 
resulting in a weaker stimulation of the underlying R1-7 cells. In the case of the very small 
45mm O. scyllarus, this would be around half that of a perfect quarter-wave retarder. 
 
The smaller species, such as G. falcatus, G. smithii, H. trispinosa and O. latirostris, show 
less variation in R8 cell measurements, while also having less variation in body length, at 
least for the individuals we caught. It remains possible that very small just post-larval 
individuals in these species might display similar birefringence variation. For G. falcatus, G. 
smithii and O. latirostris all the measurements within each species fall near the 0.25 line, 
indicating that they will be able to function as quarter-wave retarders. H. trispinosa, R8 cells 
fall close to the 0.2 line, suggesting either an elliptical sensitivity converting to LPL or just 
less efficient sensitivity to CPL as suggested for the smaller individuals of the larger species 
above. 
 
2.4.6 Variation within the retina 
The properties of the R8 can also vary across the length of the midband in a single eye. To 
investigate the variation within the eye measurements across the length of the midband 
were made in two speceis, G. smithii and H. trispinosa. The length of the R8 cells in row 5 
and 6 in G. smithii varied across the eye, with the cells being significantly longer in the inner 
part of the eye compared to the outer part (Fig. 2.6A). Note however, the larger variation in 
R1-7 cells over this range. In H. trispinosa on the other hand, the R8 cell measurements 
remained a more constant size in the inner and outer part of the eye (Fig. 2.6B).  When 
comparing these results to the birefringent model using the microvilli width coupled with the 
length of the R8s (Fig. 2.7) it appears that while the R8 cells in H. trispinosa function similarly 
across the whole midband, the R8 cells in G. smithii vary greatly in their ability to function 
as quarter-wave retarders across the midband. While the inner cells are longer than the 
optimal length, the outer cells are too short, and it is cells in and around the acute-zone that 
have R8 cells that fall within the correct size range for good quarter-wave retardance. 
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Figure 2.6: R8 length across entire midband. Reconstruction of the proximal and distal positions of 
R8 cells from row 5 (blue) and 6 (red) across the length of the midband (from the inner to the outer 
part of the eye) in G. smithii (A) and H. trispinosa (B). Left: 3d reconstruction of distal and proximal 
positions of the R8 cell (and, in some cases, the main rhabdom). Right: R8 length of each ommatidial 
unit across the whole midband. 
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2.5 Discussion 
The results of this study illustrate that, while there are several sources of variability in the 
size and thus the birefringence of the R8 cells across stomatopod species, R8s appear more 
conserved than other cells in the retina. This suggests adaptive pressure for R8 cells to stay 
within a certain size range to maintain the ability to act as quarter-wave retarders. There is 
a strong relationship between the length of the R1-7 cells and total rhabdom length, but less 
of a correlation between the R8 length and the total rhabdom length. This relationship 
highlights that the R8 length is conserved when the total size of the rhabdom increases.  
 
2.5.1 Interspecies variability 
Despite investigating several species of stomatopods with a large range of body sizes, 
habitat preferences and ecological constraints, the size of the R8 cells remained largely 
similar. As noted this suggests significant adaptive pressure to keep these cell types within 
a functional size range for quarter-wave retardance. The exception to this is H. trispinosa 
where the R8 cells retardance suggests sensitivity to an elliptical form of polarized light with 
retardance closer to 0.2 than 0.25. Why H. trispinosa would be tuned to detect elliptical 
polarized light (EPL) is yet known, but it is fascinating to speculate that its eye may be tuned 
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Figure 2.7: Birefringent properties modelled across whole midband of H. trispinosa and G. 
smithii. R8 length obtained from measurements across the whole midband of H. trispinosa and G. 
smithii were coupled with the average microvilli width for each species. 7 points are plotted for each 
species. The consistency in the size of R8 cells in H. trispinosa result in many points lying on top of 
one another. In contrast to this the R8 cells of G. smithii vary greatly in function across the midband, 
altering their birefringent ability and consequently their ability to function as quater wave retarders.
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more specifically to a particular ellipticity in the environment. Alternatively, selection for 
precise quarter-wave retardance in this species may be relaxed, as CPL is less significant 
for its current survival needs. Notably, this species does display strong linear polarization 
signals (Cronin et al., 2009a). 
 
2.5.2 Body size 
Within a species, most cells perform well as quarter-wave retarders, but there was some 
individual variability, particularly where the total body size of the animals varied greatly from 
juvenile to adult, such as L. maculata and O. scyllarus. This indicates that, while large 
individuals of a species detect circularly polarized light, small individuals of the same 
species, perhaps not yet sexually mature and with no need to pay attention to circular 
polarization, may not. In these cases, instead of opting for a shorter R1-7 rhabdom, the 
birefringent function of the R8 cell is compromised, suggesting a critical R1-7 length is 
required for the rhabdom to maintain sensitivity. Additionally, once the R8 has reached the 
point of quarter-wave retardance it no longer continues to increase in size. That is the R8 
seems to stop increasing in size at sensitivity to circularly polarized light, allowing large 
relative increases in the R1-7 rhabdom.  
 
2.5.3 Sensitivity changes within the eye 
Investigation of R8 sizes across the midband in H. trispinosa and G. smithii provided 
evidence that R8 cell length can also vary within an individual eye. While the length of the 
R8s in H. trispinosa displayed a similar size across the midband, G. smithii displays more 
variability in R8 cell length, with the inner, more forward facing, part of the midband having 
longer R8 cells than the outer, lateral part. In fact, G. smithii only have circular polarization 
sensitivity in the central part of the midband, in ommatidia around the acute zone. It may be 
that the elongate design of this eye places spatial limits on the ommatidial dimensions and 
that retaining good CPL sensitivity in the forward-facing zones is enough. The eye of H. 
trispinosa is evenly spherical along the mid-band direction (as are the eyes of all other 
species examined (Marshall et al 1991a; Marshall and Land 1993)) making it possible to 
retain the same R8 dimensions along the whole midband, including the acute zone, without 
compromising the size of the R1-7.  
 
 
 
2.5.4 Function of circular polarization vision 
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Previous behavioural tests have shown O. scyllarus can learn left from right circular 
polarization in feeding trials (Chiou et al., 2008). It is also known that G. falcatus prefers not 
to enter burrows emitting circularly polarized light (Gagnon et al., 2015), however the actual 
use of CPL in either of these species or others included in this study is still hypothetical. It 
is not known, for instance, if food items of O. scyllarus reflect CPL differentially, or if this 
species just manages to transfer its ability for discrimination to an isolated feeding 
circumstance in behavioural trials. Odontodactylus species and specifically G. falcatus are 
known to reflect CPL (Chiou et al 2008; Gagnon et al 2015) and one possible function is 
inter- or intra-specific signalling. However, this is yet to be directly tested. In the context of 
other animals, scarab beetles have been known for many years to reflect CPL (Michelson, 
1911) and initial behaviour evidence suggested sensitivity to CPL in American jewel beetles 
(Brady and Cummings, 2010). However, this sensitivity was not found in a more recently 
conducted survey of four related European species (Blaho et al., 2012). If CP is used by 
stomatopods for inter or intra-specific signalling, it should be noted that so far only 
Odontodactylus cultrifer, G. falcatus, Squilla mantis and some Neogonodactylus species are 
known to exhibit strongly polarized CP reflections (Chiou et al., 2008, Gagnon et al., 2015), 
but further investigation is underway to quantify polarized signals more thoroughly in other 
species.  
 
2.5.5 LPL insensitive detection channels 
Finally, it is worth considering that the R8 cells in rows 5 and 6 of the midband may not have 
originally evolved with the primary purpose of converting CPL to LPL. The R8 cells in rows 
5 and 6 are sensitive to ultraviolet wavelengths of light because the R8 of row 5 is orientated 
perpendicular to the R8 of row 6, and by comparison they act as an ultraviolet PS channel 
(Kleinlogel and Marshall, 2009) in the midband sensitive to LPL. However, if the R1-7 
photoreceptors below are primarily concerned with colour vision or a measure of intensity 
(Marshall et al., 1991; Theon et al., 2014), then elimination of PS is ideal and allowing them 
to potentially be subject to false colours (Kelber et al., 2001) or false signals. Other 
arthropods avoid sensitivity to LPL by 1) producing rhabdomeres with microvilli that are 
misaligned, 2) forming twisted rhabdomeres with microvilli of low birefringence, or 3) the 
signals of receptors with mutually perpendicular microvilli are summed in the lamina (Eguchi 
and Waterman, 1968, Eguchi and Waterman, 1973, Waterman, 1981, Marshall et al., 1991). 
The use of the R8 cell as a quarter-wave retarder provides a novel approach to remove the 
linear polarization information in the signal. Interestingly, this way of removing unwanted 
LPL is also used in photography, where CPL rather than LPL filters are used (Goldberg, 
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1992). A clear, although again hypothetical, evolutionary progression could therefore drive 
a quarter-wave retarder to be exploited through the emergence of CPL signals to provide 
certain species with the sensory ability to detect CPL.   
 
While several alternative, and not necessarily mutually exclusive, hypotheses exist for the 
evolution of this apparently complex polarization vision system, it is worth re-iterating that 
our knowledge of what the stomatopods actually do with polarization vision and polarized 
reflections, where they exist, is still in its infancy. What is required are field observations and 
behavioural analyses that would help place such hypotheses on a firm foundation of reality. 
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3.1 Summary 
Animals that communicate using conspicuous body patterns face a trade-off between 
desired detection by intended receivers, and undesired detection from eavesdropping 
predators, prey, rivals, or parasites (Cade, 1975, Endler, 1980, Tuttle and Ryan, 1981, 
Stauffer and Semlitsch, 1993, Wagner, 1996, Zuk and Kolluru, 1998, Peake et al., 2001, 
Kim et al., 2009, Clark et al., 2012, Brandley et al., 2013). In some cases, this trade-off 
favours the evolution of signals that are both hidden from predators and visible to 
conspecifics. Animals may produce covert signals using a property of light that is invisible 
to those that they wish to evade, allowing them to ‘hide in plain sight’ (e.g. dragonfish can 
see their own, otherwise rare, red bioluminescence (O'Day and Fernandez, 1974, Partridge 
and Douglas, 1995, Douglas et al., 1998). The use of the polarization of light is a good 
example of a potentially covert communication channel, as very few vertebrates are known 
to use polarization for object-based vision (Kamermans and Hawryshyn, 2011, Horváth, 
2014). However, even these patterns are vulnerable to eavesdroppers, as sensitivity to the 
linearly polarized component of light is widespread among invertebrates due to their 
intrinsically polarization sensitive photoreceptors (Land and Nilsson, 2012, Horváth, 2014). 
Stomatopod crustaceans (Order: Stomatopoda) appear to have gone one step further in this 
arms-race, and have evolved a sensitivity to the circular polarization of light, along with 
signals producing it (Chiou et al., 2008). However, to date we have no direct evidence that 
any of these marine crustaceans use this modality to transmit information to signal receivers. 
To address this, we investigated circular polarization vision in a biologically relevant context 
of the mantis shrimp Gonodactylaceus falcatus (Forsskål, 1775) and demonstrate that 1) 
the species produces strongly circularly polarized body patterns; 2) they discriminate the 
circular polarization of light; and 3) that they use circular polarization information to avoid 
occupied burrows when seeking a refuge. 
 
3.2 Results and Discussion 
3.2.1 Circular polarization body patterns 
We found that Gonodactylaceus falcatus displays distinct polarization patterns (Figure 3.1). 
Photopolarimetry reveals a relatively low degree of linear (< 0.1) or left-hand circular 
polarization (< 0.1) across many body areas, but with highly left-hand circular polarized 
signals (from 0.4 to 0.47; n=4) on legs and uropods (tail). One individual had a maximum 
left-hand circular polarization of 0.59 and 0.45 reflecting from the legs and uropods 
respectively. We found no right-hand circular polarization patterns on G. falcatus. In contrast 
to Chiou et al. (2008) observations in Odontodactylus cultrifer, we found no striking evidence 
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of sexual dimorphism in circular polarization (CP) patterns in G. falcatus. It is possible that 
O. cultrifer uses CP to silently communicate gender information to other conspecifics, while 
the role of the CP patterns in G. falcatus is different (e.g. for species recognition or to signal 
quality in conspecifics). 
 
 
 
The distribution of circularly polarized patterns across the body of G. falcatus suggests its 
role in communication during conflict behaviour. The pattern is most prevalent on the tail, 
ventral and frontal side of the legs and head of the animal, all regions which are preferentially 
exposed during confrontations with other mantis shrimps. In these aggressive interactions, 
the animal curls its abdomen underneath the body to present the heavily armoured tail as a 
shield (Dingle et al., 1973), with the result that the circularly polarized head, legs, and tail 
are most visible to the opponent (this is evident in Figure 3.2). It is therefore possible that 
Figure 3.1: Photopolarimetry of Gonodactylaceus falcatus. A) Gamma corrected and white 
balanced RGB representation of the animal. B) Degree of Linear Polarization (DoLP); notice that 
since there were very few values larger than 0.3, the colour-bar was truncated at 0.3 (indicated by the 
yellow colour). C) The Angle of Polarization (AoP). D) The Degree of left-hand circular polarization 
(LCP). Since no right-hand circular polarization was reflected from the animal, an equivalent image for 
the right-hand circular polarization is not included. The colour-bar was truncated at an upper limit of 
-0.60. The photopolarimetry was obtained with a Nikon D300 fitted with two rotatable filter rings. One 
ring had a linear polarizing film while the other had a quarterwave retarder film (American Polarizers, 
Reading, USA). By rotating these two rings (relative to each other and the camera's objective) the six 
required measurements for calculating the stokes vectors were obtained (horizontal, vertical, diago-
nal, anti-diagonal, right hand circular, and left-hand circular). In order to maintain the linear relation-
ship between light intensity and pixel intensity, the images were saved in raw format (converting NEF 
files to TIFF was done with dcraw). All image processing was done in Julia (Bezanson et al., 2014) 
following previous photopolarimetry literature (Wolff 1997).
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CP would elicit a fight-or-flight response in many different scenarios (e.g. territorial 
behaviour). 
 
 
 
3.2.2 Behavioural discrimination of circular polarization 
In a behavioural discrimination experiment where G. falcatus were primed for either left-
hand circular polarization (LCP) or right-hand circular polarization (RCP) using a food 
reward, animals preferred the circularly-polarized primed stimulus over the unpolarized one 
significantly more frequently than chance would allow (85% preference; P=0.02; see Figure 
3). G. falcatus were, however, unable to discriminate between the handedness of the circular 
polarization (45 out of 95 runs, P = 0.6, see Table S1). In these experiments, animals were 
trained to grab their food from one of two targets. Priming was done by presenting the 
animals with both targets, where the primed stimulus (i.e. LCP or RCP) had food on it and 
the other did not. Testing the animals was done by using exactly the same regime as priming 
except that in two of three runs (each morning, noon, and afternoon) no food was present. 
Figure 3.2: Left-hand circular polarization in a defensive Gonodactylaceus falcatus. The animal 
was manually positioned and placed to resemble its natural defensive posture. The red colour indi-
cates degree of left-hand circular polarization reflected from the body of a G. falcatus in a typical 
defensive posture. Notice how the highly polarized uropods, legs, and head are visible for a potential 
viewer/attacker suggesting a connection between circular polarization signaling and aggression.
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To avoid olfaction bias, the stimulus-presentation feeding devices that were used in the tests 
did not come in contact with food. In one of the three runs, food was present on the primed 
stimulus and served to reinforce the learned behaviour. The order in which the tests and 
priming runs were delivered was randomised. 
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The ability to detect CP is conveyed by the proximal rhabdomal cell (R8) in rows 5 
and 6 of the ommatidial midband, which functions as an achromatic quarter-wave retarder 
Figure 3.3: Summary of the results for all experiments. Each pane presents the results from one 
of the behavioral experiments in this study. In the center of each pane are the number of total runs, 
number of individual male and female Gonodactylaceus falcatus, mean body length, main result (i.e. 
choice, preference, or duration), and its respective P value. Unpolarized (UP) and left or right circularly 
polarized (L/RCP) stimuli are denoted by the blue and red colors respectively. A) Behavioral discrimi-
nation: G. falcatus were successfully trained to discriminate between L/RCP and UP targets. Panes 
(B) and (C) summarize the results from the three natural preference experiments with G. falcatus. B) 
Burrow entrance: Stomatopods naturally preferred burrows with an UP crescent-shaped filter at the 
burrow's entrance over burrows with an LCP filter. C) Burrow end: The same preference was exhibited 
when the mantis shrimps were presented with a choice between dimly backlit burrows. D) Mono 
burrow end: When the animals were presented with a single, dimly backlit burrow, specimens took 
about 7 times longer to enter the burrow when it was backlit with LCP than UP light. The ordered histo-
grams show the distribution of the durations in seconds (note that one of the CP runs lasted for 8 min-
utes and 38 seconds). The group means are depicted by the thicker bars in the background.
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(Roberts et al., 2009). This birefringent structure converts incoming light from circularly to 
linearly polarized, the outgoing axis of which depends on the handedness of the incoming 
light. The resulting linear polarization is then detected by the underlying - linear polarization 
sensitive and spectrally broadband sensitive - rhabdomers (R1-7). Similar forced choice 
food association experiments demonstrated that the peacock mantis shrimp (O. scyllarus) 
could be trained to discriminate between LCP and RCP (Chiou et al., 2008). Over recent 
years, at least four different mantis shrimp species have been shown to produce (via 
reflection or transmission) strongly circularly polarized body patterns on their cuticle (O. 
cultrifer (Chiou et al., 2008), G. falcatus, Neogonodactylus festae, N. austrinus, and N. 
oerstedi (unpublished)). These differences in CP patterns and visual capabilities may 
depend on morphological and or behavioral differences that have evolved during these 
species' diversication - for example, Odontodactylus and Gonodactylaceus are 
phylogenetically relatively far removed (Porter et al., 2010). 
 
3.2.3 Circular polarization as a signal of burrow occupancy 
Since G. falcatus both displays CP and can discriminate CP from UP it was important to 
determine if these marine crustaceans have any natural behavior linked to this unusual light 
modality. After being displaced, many stomatopod species seek the safety of an empty hole 
or refuge, avoiding those that are already occupied by other mantis shrimps. Attempting to 
enter an occupied burrow can result in a damaging and potentially deadly confrontation 
(Caldwell, 1979). Therefore, avoiding burrows that show signs of occupancy allows 
stomatopods to reduce the risk of injury. It has already been established that stomatopods 
use other cues, such as olfaction, to signal burrow occupancy (Caldwell, 1979). It is possible 
that visual cues also contribute to this as part of a multi-modal signal. We therefore tested 
whether circular polarization affects refuge selection behaviour in G. falcatus. Animals were 
presented with two burrows: one ` with' circular polarization and one ` without'. Three different 
experimental setups were used. 1) Burrow entrance- the animal was placed in a circular 
arena and provided with two burrows to choose from. Each burrow entrance was partially 
blocked by, either an unpolarized filter, or a spectrally similar circularly polarized filter. The 
filters resembled the stomatopod telson in shape (crescent) and size. 2) Burrow end- similar 
to (1) but the burrows were dimly backlit with unpolarized or circularly polarized light (see 
Figure 3.4). In this setup, the spectral differences between the two stimuli were minimal but 
some residual longwave LP light was reflected from the end of the borrow. 3) Mono burrow 
end- the arena had only one burrow which was backlit with either unpolarized or circularly 
polarized light. The light source used for the stimulus was split to illuminate the arena with 
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spectrally identical ambient light and therefore eliminated any artefactual linearly polarized 
light (see Figure S1 in Appendix I for a detailed spectrapolarimetry analysis of the stimuli 
used in this study). 
 
In all three refuge experiments, the mantis shrimp avoided or delayed entering refuges 
giving o LCP light. When provided with a choice of burrows, most animals entered one within 
one minute. In the first experiment (Burrow entrance), the animals chose the burrow with a 
unpolarized (UP) crescent shape in the entrance in preference to an LCP crescent (58 out 
of 89 runs, 68% preference for UP, P < 0:01). Similarly, in the second experiment (Burrow 
end), animals preferred to enter burrows emitting UP light rather than burrows emitting LCP 
light (41 out of 48 runs, 88% preference for UP, P < 0:001). In the third experiment (Mono 
burrow end) stomatopods took 7 times longer to enter a single LCP backlit burrow (P = 0:03) 
than when the same burrow was backlit with UP light (48128 and 78 (mean standard 
deviation) seconds for the LCP and UP respectively; 18 individuals each tested twice during 
a period of two days) (see Figure 3.3 and Table S1). 
 
There are several reasons why circularly polarized body patterns may function as a cue for 
burrow occupancy. Firstly, elliptical polarization underwater is extremely rare. With the 
exception of reflective interactions within a few cm of the water's surface (Ivanoff and 
Waterman, 1958) and perhaps some birefringent structures in small pelagic zooplankton 
(Shashar et al., 1998, Johnsen et al., 2011), elliptical polarization as a discrete signal is 
largely absent from the underwater environment. For animals that can discriminate the 
circular polarization of light, any reflections of this kind will be highly salient against an 
unpolarized background. Secondly, polarized body patterns (indeed any polarization) have 
the advantage of being more reliable underwater than colour, which is affected by depth and 
illumination conditions (Lythgoe, 1988, Marshall et al., 2014b). Certain wavelengths of light 
are rapidly attenuated with depth and this, combined with the shadowy ambient light 
environment of stomatopod refuges, would make colour a relatively unreliable signal. 
Polarization, however, would be relatively unaffected in this visual environment. Thirdly, we 
can make the relatively safe assumption that few, if any, species other than stomatopod 
crustaceans are able to discriminate the circular polarization of light. In this sense, these 
visual signals may function as covert communication patterns, simultaneously allowing 
the animal to be camouflaged in terms of colour and intensity (G. falcatus is coloured green 
or brown and is a good match to the reef substrate) while being clearly conspicuous in 
circular polarization. 
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The high avoidance rates recorded in this study suggest that circular polarization alone is a 
conspicuous cue, sufficient to elicit strong avoidance behaviour. An informative cue such as 
this may also form part of a signaling system for quick recognition by conspecifics at 
detection distances that may be far greater than olfaction detection distances. The signal's 
saliency, apparent rareness of the sensory mechanism needed to detect the signal, and the 
high cost associated with not detecting a conspecific or the detection of the stomatopod by 
prey or predator, all bolster our interpretation of the stomatopod's circular polarization as a 
covert signal. Interestingly, other stomatopod species such as Haptosquilla trispinosa are 
known to use linear polarization signals for mate choice (Chiou et al., 2011). Such signals, 
while not visible to most reef fish as far as we know, would be clearly visible to the linear 
polarization vision of one of their major predators, the cephalopods. It is possible that CP 
signalling has evolved specifically to advance beyond the detection by cuttlefish and octopus 
which, again as far as we know, lack circular polarization sensitivity. 
 
This study provides the first evidence for the use of the circular polarization of light as a 
visual communication signal in any animal. While some scarab beetles were thought to use 
circular polarization (Brady and Cummings, 2010), more thorough and recent experiments 
suggest this is unlikely (Horváth et al., 2014). We demonstrate that the mantis shrimp G. 
falcatus avoids refuges emitting circularly polarized light, preferring to occupy burrows 
emitting light of the same wavelength and intensity, but without the circular polarization 
component. Our interpretation for this natural response is that circular polarization may be 
used by this species as a private signal for burrow occupancy. 
 
3.3 Experimental Procedures 
In both the Burrow end and Mono burrow end setups the burrows were backlit through a 
reversible filter-bank (threaded 30 mm cage plate, 0.5" thick; Thorlabs, Newton, USA) with 
three filters in the following order: a) a circular polarizer (Edmund Optics, left-handed, 25mm 
diameter), b) a white diffuser (PTFE sheet; Dotmar EPP Pty Ltd, Acacia Ridge, Australia), 
and c) a 0.3 neutral density filter (Lee Filters, Andover, UK). The polarization visible to the 
stomatopod was dictated by the orientation of the filter-bank: while light travelling from the 
circular polarizer to the diffuser (and then to the neutral density filter) (a to c) was 
unpolarized, light travelling from (the neutral density filter to) the diffuser to the circular 
polarizer (c to a) was circularly polarized. Since the light passed through the same set of 
filters (albeit in reverse order) its transmitted intensity and spectrum (but not polarity) were 
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identical irrespective of the orientation of the filter-bank. Differences in the spectrum or 
intensity of reflected light were minimised by the neutral density filter (c) in the filter bank 
(see Figure S1). 
 
The choice arenas consisted of a gray PVC tube (5.5 cm radius, 11 cm height) with a PVC 
bottom (Figure 3.4). White pebbles were distributed and glued evenly on the bottom to 
facilitate the animals' locomotion. Two holes (5mm radius) placed 30° apart led to plastic 
tubes (4 cm long) which functioned as refuges. These positions were chosen to reflect the 
mean separation angle of the animal's eyestalks (30°; unpublished), ensuring that both 
refuges are easily visible from the centre of the arena (see Appendix I). 
 
 
 
Figure 3.4: The layout of the Burrow end setup for the natural preference experiments: White 
light was filtered (interference filter with a λmax of 500 nm), bifurcated, and aligned to shine down 
the burrows. The light travelled through a bank of filters before reaching the glass window at the end 
of the burrow. The bank of filters contained: glass window (WN), left-hand circular polarizer (LCP), 
white diffuser (WD), neutral density filter (WD), and another glass window (WN). In this order, the 
light passing through this filter-bank was unpolarized (see `top' burrow). In the case where the filter 
stack is reversed, the light passing through was circularly polarized (see ` bottom' burrow). The stom-
atopod's behaviour was monitored from a small webcam.
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Statistical significance was tested using generalized linear mixed models. Because the 
results from the Discrimination, Burrow entrance, and Burrow end were binomial in nature, 
they were tested with a binomial error structure and a logit link function. Because the 
dependent variable in the Mono burrow end experiment was the amount of time it took the 
animals to enter the burrow, those were tested with a Gamma error structure and an inverse 
link function. All statistical analyses were performed in R (R version 3.0.2 and lme4 package) 
(see Appendix I). 
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Chapter 4: 
Elliptical polarization vision in Haptosquilla trispinosa 
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4.1 Introduction 
Light from the sun is unpolarised such that the oscillations of its electrical vector (e-vector) 
occur at all angles. In a number of environments on earth, light may become polarised 
through interactions with surfaces or particles and via processes such as scatter, reflection 
or refraction. Common examples are water surfaces or particle scatter in air or water 
(Goldstein, 2003) and increasingly there are also examples of light becoming polarised after 
interaction with animal integument (Marshall et al 2014).  Although humans are insensitive 
to polarization, other than through the by-product of retinal structure (Haidingers brushes 
(Haidinger, 1844, Temple et al., 2015)) we utilise polarizing filters in photography (both linear 
and circular) (Goldstein, 2003), as well as in polarized sunglasses and for viewing 3D 
movies. Light waves either oscillate in a single plane (linear polarization) or rotate in their 
direction of travel as a circle (circular polarization) or an ellipse (elliptical polarization), which 
is referred to as their ‘ellipticity’.   
 
The stomatopod eye is separated into three regions, the dorsal and ventral hemispheres 
and the midband, which provide a range of polarization sensitivities. Retinular cells 1-7 (R1-
7) in the hemispheres and row 5 and 6 of the midband are sensitive to linearly polarised light 
(LPL). However, in rows 5 and 6 the eighth retinular cell (R8), which sits distally to the main 
rhabdom, acts as a quarter-wave retarder. It converts incoming circularly polarised light 
(CPL) into LPL, which the R1-7 can detect, providing stomatopod with the unique ability of 
circular polarization vision (CPV). 
 
Evidence presented in Chapter 2 and Templin et al., (2017) demonstrates that there are two 
critical dimensions for the eighth retinular cell (R8) of rows 5 and 6 of the midband to be able 
to act as a quarter-wave retarder and facilitate circular polarization vision (CPV). These 
critical dimensions are: 1) the length of the R8 cell, and 2) the width of the microvilli that 
make up the R8. Specifically, variation in the length of the R8 cell can affect the polarisation 
sensitivity of rows 5 and 6 such that they vary from being linear polarisation sensitive to 
circular. However, most species have R8 cell lengths in the range of 80-90µm which 
conserves the ability of the R8 to convert circularly polarized light (CPL) to linearly polarized 
light (LPL), allowing the overall system (the R8 and the underlying R1-7 cells) a CPL 
detector. One such species is Gonodacylus smithii (Fig 4.1A), and although there is some 
variation in the R8 size across the length of the midband, it has one region of the eye that 
remains sensitive to CPL (Figure 4.2). In contrast, Haptosquilla trispinosa does not have R8 
cells that work as ¼ wave retarders. This small, burrow dwelling species of stomatopod, 
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possess R8 cells that don’t reach the length required for circular polarization vision. Their 
smaller R8 cells, which are an average length of 70-75µm across the midband (Fig 4.1A), 
instead enable the system to be maximally sensitive to elliptically polarized light (EPL) (Fig 
4.2). 
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Figure 4.1: R8 length across entire midband. Reconstruction of the proximal and distal positions of 
R8 cells from row 5 (blue) and 6 (red) across the length of the midband (from the inner to the outer 
part of the eye) in G. smithii (A) and H. trispinosa (B). Left: 3d reconstruction of distal and proximal 
positions of the R8 cell (and, in some cases, the main rhabdom). Right: R8 length of each ommatidial 
unit across the whole midband. Inner and outer refer to the location of the ommatidia in the eye, with 
inner representing the area of the eye closest to the midline of the body. Source: Templin et al., 2017 
 57 
 
 
Like CPV, elliptical polarisation vision (EPV) is a novel ability for stomatopods. Both CPV 
and linear polarization vision (LPV), which is relatively common in both vertebrates and 
invertebrates, have many possible uses including communication, object detection and 
navigation (Sabbah et al., 2006, Shashar et al., 2011, How and Marshall, 2014, Gagnon et 
al., 2015). However, they are still not fully understood, particularly those relating to CPV. 
The addition of EPV is an extra challenge in understanding polarization vision in 
stomatopods, but theoretically can be used in the same manner as linear or circular 
polarization.  
 
In this chapter, behavioural evidence is presented to confirm that H. trispinosa have elliptical 
polarization vision (EPV) and the discrimination abilities of this species to different types of 
polarized light are investigated. The potential functions of EPV are explored by testing for 
preference or avoidance of different forms of polarized light.  
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Figure 4.2: Birefringent properties modelled across whole midband of H. trispinosa and G. 
smithii. R8 length obtained from measurements across the whole midband of H. trispinosa and G. 
smithii were coupled with the average microvilli width for each species. 7 points are plotted for each 
species. The consistency in the size of R8 cells in H. trispinosa result in many points lying on top of 
one another. In contrast to this, the R8 cells of G. smithii vary greatly in function across the midband, 
altering their birefringent ability and consequently their ability to function as quarter wave retarders. 
Source: Templin et al., 2017
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4.2 Methods 
Haptosquilla trispinosa were collected from the intertidal region, at a depth of 0.2 to 1m, at 
Lizard Island (14°40'40.8"S; 145°26'48.1"E) (GBRMPA Permit no. G12/35005.1, Fisheries 
Act no.140763) during three field trips (July 2013, April 2015 and May 2015). A total of close 
to 200 individuals were collected for use in the following experiments. Animals were 
individually housed at Lizard Island Research Station under a natural daylight cycle and 
were supplied with running seawater. Animals used in the discrimination experiment were 
housed in large opaque containers and were supplied with burrows to mimic their natural 
living conditions. Animals used for the preference/avoidance experiment were housed in 
smaller containers to facilitate transfer of animals to and from the experimental arena. 
Discrimination experiments were run over three field trips (July 2013, April 2015 and May 
2015). Refuge choice experiment were run in the field (April 2015) and animals were 
transported to the University of Queensland, St Lucia, where the remainder of the trials were 
conducted in 2015. 
 
4.2.1 Discrimination experiment 
This method is adapted from similar discrimination experiments used with stomatopods 
(Marshall et al., 1996, Marshall et al., 1999, Chiou et al., 2008). Experimentation had three 
stages: priming, training and testing which are each described in the sections that follow. 
 
4.2.1.1 Stimuli construction 
Stimuli were constructed using plastic cable ties as they presented a convenient plastic face 
to glue polarising filters to, and were convenient to place in the arena. The size and shape 
of the cable ties (6cm) were appropriate for the size for the animal, allowing them to be 
gathered and taken back to the animal’s burrow, mimicking the natural behaviour of 
stomatopods. The cable tie also allowed for stimuli to be retrieved after trials with little 
disturbance to the animal. The different polarization states were displayed on the front 
surface of the cable tie (Fig. 4.3) which faced the animal sitting in the burrow. Polarised 
reflecting surfaces were constructed using a linear polarizer (AP27-024T, American 
Polarizers Inc., Reading, USA) and a quarter wave retarder (APQW92-003-PC, American 
Polarizers Inc., Reading, USA) which were glued to the end of the cable tie with a two-part 
epoxy. Left handed circularly polarized (LCP), right handed circularly polarized (RCP) and 
linearly polarized (LP) were attained by joining the retarder to the polaroid so the angle 
between their fast axes were -45, +45, 0 respectively. Elliptical polarization half way between 
linear and circular in each handedness were also used. These were obtained by joining the 
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retarder to the polaroid so the angle between their fast axes were +22.5 for left handed 
elliptically polarized (LEP) and -22.5 for right handed elliptically polarized (REP).  
 
A flat weighted surface was used as a stage to place stimuli on during each run in the training 
and testing stages, and final runs of priming. A barrier was placed between the animal and 
the stage while stimuli were put into position. The barrier was then lifted for animals to make 
a choice.  During training and testing the animals had two minutes to make a choice before 
the run was aborted.  
 
 
 
4.2.1.2 Priming 
After collection animals were given time to settle in their aquaria before priming. Priming 
involved introducing the animals to the experimental stimulus. During this stage only the 
correct-choice target stimulus was presented to the animal, with food present. A small piece 
of food was easily able to be placed in the square opening on the top of the cable for the 
P
1/4
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C
Figure 4.3:  Discrimination experiment set up and stimuli construction. Set up for discrimination experi-
ments showing the animal in the burrow and the placement of the two stimuli (A and B). Stimuli for the asso-
ciative learning experiments were constructed using cable ties. On the front of the cable tie the combination 
of a linear polarizer (LP) and quarter wave plate (QW) were used to achieve differerent polarization states (C).
LP
QW
 60 
stomatopod to retrieve (Fig. 4.3C). Initially the stimuli were handed directly to the animal in 
the burrow to make them comfortable with receiving food via the cable tie. Over the course 
of priming the stimuli was placed further away from the animal requiring them to leave the 
burrow to retrieve the stimuli. The distance from the burrow was increased until animals 
were retrieving the stimuli from the testing distance of approximately 5cm (stimuli placed on 
the flat stage) which required the stomatopod to leave their burrow completely. All animals 
were primed three times each day (morning, noon and afternoon) with each set consisting 
of three presentations of the stimuli. Priming was conducted for a minimum of 7 days, and 
after 10 days’ animals that had not learnt the association were excluded from testing. 
 
Three experimental groups were primed to different experimental targets. The first group 
was primed either left (LCP) or right handed circularly polarized light (RCP), the other groups 
were primed to right handed elliptically polarized (REP), and circularly polarized light (CP).   
 
4.2.1.3 Training and testing  
During training animals were presented with two stimuli, their target polarization and a 
distractor of a different polarization and the target stimulus had food present. The location 
of the target and distractor (either the left or right side of the stage) were randomised. 
Animals were trained three times each day (morning, noon and afternoon) with each set 
consisting of three presentations of the stimuli. Before each training trial an opaque barrier 
was placed between the animal in the burrow and the flat stage to allow placement of both 
the target and distractor stimuli. The barrier was removed to begin the trial. Training was 
conducted over 2 days to enable the animals to adapt to the choice scenario. 
 
Testing involved the presentation of both the target and distractor stimuli in the absence of 
food. The stimuli used were newly made and had not been in contact with food to avoid any 
olfaction cues. Correct choices were immediately rewarded with food. During each testing 
set of three trials, one run followed the training protocol (food present on the target stimulus) 
to reinforce the learnt behaviour. The order of trials, testing or training, was randomised 
during each set, as was the location of both the target and distractor. Again, the opaque 
barrier was used prior to the trials to allow for placement of the cable tie stimuli. 
 
Five combinations were used to test the discrimination of H. trispinosa; RCP/LCP, CP/LP, 
REP/CP, REP/LP and REP/LEP. The number of tests for each combination are listed in 
table 4.1. 
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4.2.2 Refuge choice experiment 
The method used follows that used by Gagnon et al (2015). H. trispinosa were individually 
placed into an arena which had two burrows attached which were illuminated from the back 
with light that could be manipulated to emit different forms of polarization. H. trispinosa are 
a burrow dwelling species of stomatopod and therefore rapidly seek a protective refuge.  
 
The polarization state of the light was controlled with filter stacks placed between the burrow 
and the illumination source. The stacks consisted of glass windows (float glass window, 
25mm diameter, Edmund Optics, Nether Poppleton, UK) at the front and back, linear 
polarizing filter (American polarizers Inc., Reading, USA), quarter wave retarder (American 
Polarizers Inc., Reading, USA), a white diffuser (PTFE sheet; Dotmar EPP Pty Ltd, Acacia 
Ridge, Australia) and 0.3 neutral density filter (Lee Filters, Andover, UK). The combination 
of these filters allowed for the following polarization states to be achieved, unpolarized (UP), 
circularly polarized (CP), linearly polarized (LP), elliptically polarized (EP). 
 
A bifurcated light guide (multi branch fiber optic bundles; Newport, Irvine, USA) connected 
to a light source (LG-PS2; Olympus, Tokyo, Japan) provided the illumination source behind 
the filter stacks. A 500nm (25 nm FWHM) interference bandpass filter (Newport, Irvine, USA) 
was fitted to the light source. To eliminate polarised light pollution from the burrows a fitted 
black box was placed over the burrows and filter stacks. All components were attached to 
an aluminium base for stability and to ensure correct alignment. 
 
Once the animal was placed in the open arena they were given five minutes to make a 
choice between the two burrows, which differed only in polarization. The animal was 
monitored via webcam mounted over the arena. As the aim of this experiment was to test 
the natural preference or avoidance of H. trispinosa a new set of animals was used for each 
combinations of polarization states. Consequently, each animal was only shown a single 
combination of polarization states, where that were placed into the arena twice, with a 
minimum of 2 hours between trials. The arrangement of the filter stacks (position a or b) was 
changed between the two trials.  
 
A burrow choice was considered successful when the animal entered and remained in the 
burrow, usually adopting a position with their head at the burrow entrance.  
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Five combinations were used for testing: REP/LEP, CP/LP, CP/REP, REP/LP and REP/UP. 
The number of trials for each combination are listed in table 4.1. RCP and LCP were not 
included as a combination in this experiment because they would not be discriminated in 
the previous experiment. As an addition, UP was tested against REP, as UP is a common 
polarisation state that could influence preference or avoidance of polarization states. 
 
4.2.3 Statistical analysis 
 
Analysis was conducted in R (v3.2.5, CRAN April 2016) with the lme4 package. Generalised 
linear mixed models were used for both the discrimination and refuge choice experiments 
using a binomial error structure and a logit link function. The full model included the variable 
‘Success’ (for correct choice) for both experiments and the explanatory variable ‘Location’ 
(position A or B), ‘Sex’, ‘Length’ (Body length), and ‘Target’ (target stimuli), and ‘ID’ as a 
random variable for individual animal identification. The model was reduced to include only 
‘ID’, as ‘Location’, ‘Sex’, ‘Length’ and ‘Target’ added no explanatory power. 
 
4.3 Results 
4.3.1 Discrimination experiment 
60 H. trispinosa were successfully conditioned to associate food with each target stimulus.  
Five animals were excluded from testing as they did not respond to priming. The number of 
trials where no choice was made are listed in Table 4.1, but were not included in calculating 
the discrimination ability of H. trispinosa as the animals were not motivated to complete the 
test. The number of aborted trials ranged from 19 to 29%. There was no effect of sex or 
body length on the choice made for any test combination. 
 
H. trispinosa were unable to discriminate between RCP and LCP (p=0.408) but were able 
to discriminate between elliptically polarized targets that differed only by handedness 
(p=0.0309) (Table 4.1) (Fig 4.6). They could also discriminate between LP and CP 
(p=0.332). However, they were unable to make the distinction between REP and LP 
(p=0.789), and REP and CP (p=0.938). 
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Exp Setup  Experiment n (m,f) Average length S(c,ab) Pr(%)
 REP^ / LEP 11 (5,6) 28mm 57 (93,30) 61.3
 REP^ / LP 10 (6,4) 29mm 27 (56,21) 48.2
Discrimination  REP / CP^ 9 (4,5) 28mm 16 (31,12) 51.6
 LP / CP^ 13 (6,7) 29mm 75 (126,42) 59.5
 LCP / RCP^ 17 (10,7) 27mm 124 (247,59) 53.7
 REP^ / LEP 40 (10,30) 28mm 32 (49,31) 65.3
REP^ / LP 40 (17,13) 28mm 27 (43,37) 62.8
Refuge Choice  REP^ / CP 20 (5,15) 28mm 11 (22,18) 50
 LP^ / CP 20 (11,9) 28mm 15 (30,10) 50
 REP^ / UP 40 (16,24) 25mm 33 (51,29) 64.7
Table 4.1: Results of the two experimental setups, discrimination and refuge choice. Columns 
include: Experiment - the polarization stimuli combinations (REP: right handed elliptically polarized, 
LEP: left handed elliptically polarized, UP: unpolarized, CP: circularly polarized, LP: linearly polarized, 
RCP: right handed circularly polarized, LCP: left handed circularly polarized), n- The number of 
individuals included in each experiment with number of males and females (m,f), Average length - 
average body length of experimental group, S - number of successful choices (for the stimuli identified 
with ^) out of the number of completed and aborted trials (c,ab), Pr - preference calculation from 
GLMM as a percentage, P - p-value with significance indicated by an *. 
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4.3.2 Refuge choice experiment 
H. trispinosa were presented with five burrow combinations; REP/LEP, REP/UP, REP, CP, 
REP/LP and LP/CP. No burrow choice was recorded in 25 to 46% of trials across the five 
burrow combinations (Table 4.1). There was no effect of body size or sex on the burrow 
choice. 
 
H. trispinosa had a preference for REP over LEP (p=0.0351) and UP (p=0.0386) (Table 4.1) 
(Fig 4.7). They showed no other preference or avoidance for the combinations of REP/CP 
and REP/LP which are combinations they cannot discriminate. They also showed no 
preference or avoidance for the combination of LP/CP though they can discriminate between 
these types of polarized light. 
 
0
10
20
30
40
50
60
70
P
er
ce
nt
ag
e 
ch
oi
ce
REP / LEP RCP / LCPREP / LPCP / REPCP / LP
* *
Figure 4.4: Results of discrimination experiment with H. trispinosa. Percentage choice made for 
the trained stimuli (grey) and the distractor stimuli (white) for the five polarization combinations 
(REP/LEP, REP/UP, REP/CP, REP/LP, LP/CP). Asterix represents combinations where the target 
stimuli was chosen in a statistically significant number of trials (p<0.05). Error bars represent standard 
error. LEP: left handed elliptically polarized. UP: unpolarized. CP: circularly polarized. LP: linearly 
polarized.
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4.4 Discussion: 
4.4.1 Polarization discrimination abilities of H. trispinosa 
H. trispinosa are able to discriminate EPL that differs only in handedness, suggesting they 
have true EPV. They were unable to discriminate between RCP and LCP which has been 
shown in other species including Odontodacylus scyllarus (Chiou et al., 2008). Unlike H. 
tripsinosa, O. scyllarus has R8 cells capable of quarter wave retardance, as shown in 
chapter 2.  
 
H. trispinosa were able to discriminate between LPL and CPL. It is expected that these two 
forms of polarized light would be able to be discriminated. Even though H. trispinosa aren’t 
sensitive to CP specifically in rows 5 and 6, it still elicits a response which they can determine 
is different to the response to LPL, which is most likely processed by the hemispheres 
(Marshall et al 1991, 2014). The inability to discriminate EPL from LPL and CPL may seem 
strange, however EPL contains both a linear and circular component and must not elicit a 
response that can be differentiated. Something you might expect from a coarse 
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Figure 4.5: Results of refuge choice experiment with H. trispinosa. Refuge choice experiment 
results for each combintation of polarizations (REP/LEP, REP/UP, REP/CP, REP/LP, LP/CP), showing 
the percentage each illuminated burrow was chosen. Asterix represents combinations where the 
choice of burrow was statistically significant (p<0.05). Error bars show the standard error. REP: right 
handed elliptically polarized. LEP: left handed elliptically polarized. UP: unpolarized. CP: circularly 
polarized. LP: linearly polarized.
* *
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discrimination system. In truth, what the behavioural relevance of CPL vs EPL is in this 
species is not known. What remains remarkable is that they seem focussed on EPL as 
opposed to CPL, and this matches both their anatomical specialisations (Chapter 2 and 
Templin et al., 2017) and electrophysiological measurements (Chiou et al., unpublished). 
 
4.4.2 More evidence for elliptical polarization vision 
H. trispinosa is not the only species of stomatopod that is maximally sensitive to EPL. The 
following section is a description of work previously undertaken on stomatopods with 
collaborators (previous post-doctoral researchers in the Marshall laboratory) that will be 
combined with the data presented in this chapter for publication. 
 
Sensitivity to EPL in H. trispinosa is the result of the R8 cells of rows 5 and 6 not acting as 
quarter-wave retarders, due to their reduced size (Templin et al., 2017). Another species, 
Haptosquilla glyptocercus, also have R8 cells that are smaller than that required for CVP in 
rows 5 and 6 of the midband (Chiou et al., unpublished). Instead of acting as quarter-wave 
retarders, the R8 cells of H. glyptocercus act as eighth-wave retarders. Like H. trispinosa, 
this suggest they are sensitive to EPL in rows 5 and 6. Electrophyiological recordings from 
the R1-7 cells in these rows reveal sensitivity to EPL (Chiou et al., unpublished), further 
supporting the modelling of the R8 optical properties. In contrast, Gonodactylus smithii, a 
larger species of stomatopod found commonly on reef flats, has R8 cells capable of 
performing quarter-wave retardation (Templin et al., 2017) and electrophysiological 
recordings from Row 5 and 6 R1-7 cells (Chiou et al., unpublished) showing they are 
maximally sensitive to CPL.  
 
4.4.3 Elliptical polarization vision and it’s biological function 
There are several potential reasons why the row 5 and 6 of H. trispinosa are sensitive to 
EPL that need to be considered. A deliberate restriction to the size of the R8 cell allows this 
species to be sensitive to a polarization different to most other stomatopods could potentially 
provide H. trispinosa with a secret communication channel. This is also a popular hypothesis 
for the use of CPV in other species of stomatopod that produce CP reflections from their 
bodies. And it has been shown that G. falcatus, a species that have extensive CP reflections, 
use it to avoid entering a refuge which emits CPL (Gagnon et al., 2015). However, for this 
hypothesis to have any merit for EPV, H. trispinosa need to have EP reflections from their 
bodies. While there is no published evidence for or against this, preliminary photopolarimetry 
by Gagnon and How suggest that this is not the case, as they lack the appropriate EP 
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reflections. They do however, reflect LP from their first maxillipeds which may play a role in 
sexual signalling (Chiou et al., 2011), showing this species does exploit polarization for 
communication. 
 
EVP could still be beneficial to H. trispinosa if common prey or predators produced an EP 
reflection, allowing for easy identification. Sources of EP underwater have not been well 
researched, however as our results show that H. trispinosa potentially has a preference for 
right-handed EPL (REPL) it is worth exploring. Research into polarization has long focused 
on linear polarization, marine animals including cephalopods, fish and crustaceans have 
been shown to reflect LP (Shashar et al., 2000, Cronin et al., 2003, Mathger et al., 2009, 
Cronin et al., 2009a). And more recently CP has been investigated in some species of 
stomatopod (Chiou et al., 2008, Cronin et al., 2009b, Gagnon et al., 2015). An EP reflection 
would require similar anatomy to what is identified in stomatopods for producing CP 
reflections, a linear polarizer and a birefringent layer. While stomatopods utilise the CP 
reflections for communication, another invertebrate, scarab beetles, possess CP reflection 
but do not possess CPV. This highlights that it is possible for these reflections to exist in 
species not directly interested in them, leaving them open to exploitation by predators and 
prey. Stomatopods feed on many mollusc and crustacean species that may produce EP 
reflections in their cuticles. 
 
Sensitivity to EPV may be due to a limitation to retina size which prevent the R8 cells of H. 
trispinosa reaching the size required for CPV. As discussed in chapter 2, a minimum length 
requirement for the R1-7 rhabdom can result in the size of the R8 cell being compromised. 
The modelled birefringent properties of the R8 cells of row 5 and 6 presented in Chapter 2 
show EP sensitivity was only present in small species of stomatopod, such as H. trispinosa, 
but also in small individuals of larger stomatopod species, such as Lysiosquilla maculata. 
The adults of L. mactulata grow to over 20cm in length and possess R8 cells that facilitate 
CPV, however the post larvae are only a couple of centimetres in length and have R8 cells 
that do not perform optimally as quarter-wave retarders, leading to EPV.  In this scenario, 
row 5 and 6 may not be tuned for a specific purpose, but instead the reduced size of the R8 
is the result of a need to maintain the length of the R1-7 rhabdom, possibly to avoid a loss 
of sensitivity. Additionally, a lack of adaptive pressure to maintain the function of quarter-
wave retardance for CPV could easily result in a reduction in R8 size over time, with EPV 
being a side effect of this reduction. 
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Further investigation into the retardance properties of the R8 cells of midband row 5 and 6 
in other species of stomatopod, particularly those of only several centimetres in length, will 
reveal how widespread this ability is. To understand whether EPV serves an important 
function for H. trispinosa and other species of stomatopod, field observations and 
investigation into sources of EPL in the marine environment need to be conducted. 
Furthermore, further photopolarimetry to search for EP patterns on the bodies of species 
which are likely to possess EPV will determine if communication and signalling is a 
conceivable function.  
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Chapter 5: 
Identification of lamina cell types using 3D electron 
microscopy 
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5.1 Introduction 
The optic neuropils of the lateral protocerebrum of stomatopod crustaceans are located in 
the eyestalk below the retina. As in other crustaceans the three main neuropils are the 
lamina, medulla and lobula which are joined by optic chiasmata (Thoen at al., 2017). While 
many studies have concentrated on the complex retina of stomatopods, which is also the 
focus of the previous chapters of this thesis, few have aimed to decode what happens in the 
eyestalk. Some studies have concentrated on the first steps in the processing pathway ,with 
particular focus on the projection pattern from the retina to lamina (Kleinlogel et al., 2003, 
Kleinlogel and Marshall, 2005, Schiff et al., 1986), and the lamina itself (Thoen et al., 2017). 
Thoen et al., (2017) also presented an overview of the eyestalk neuropils, including more 
detailed morphological descriptions of the second optic neuropil, the medulla.  
 
5.1.1 Lamina general morphology 
The first optic neuropil, the lamina, forms a shallow sheet below the retina (Fig 5.1A) 
(Kleinlogel et al., 2003, Thoen et al., 2017) which is bordered distally and proximally by the 
thick axons of tangential cells (the distal (DTL) and proximal (PTL) tangential layers). It is 
composed of cartridges that are retinotopic, each representing the axons and terminals of 
the retinula cells (R1-8) of a single ommatidium. The midband cartridges create a visible 
swelling that stretches across the sheet and are larger than the cartridges of the 
hemispheres. The cartridges receiving the photoreceptor terminals from rows 1-4 of the 
midband are larger and more rectangular than those of rows 5 and 6 which appear more 
globular. For each eye region, the photoreceptor terminals of R1-7 end in two distinct layers, 
termed external plexiform layers 1 and 2 (epl1 and elp2) (Fig 5.1B) (Kleinlogel and Marshall, 
2005, Thoen et al., 2017). The terminal endings are also larger in the midband cartridges 
compared to those of the hemispheres. The axons from the R8 cells (termed the long visual 
fibres, lvfs) do not terminate in the lamina, but instead project through the lamina down to 
the medulla (Fig 5.1C) (Kleinlogel and Marshall, 2005, Thoen et al., 2017). In rows 5 and 6 
of the midband the lvfs are mostly smooth compared to those of rows 1-4 which have many 
dendrites innervating both layers of the lamina. 
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Each lamina cartridge contains a set number of neurons that are categorized based on their 
morphology. These include lamina monopolar cells, amacrine cells, tangential cells and 
centrifugal cells. Monopolar cells are relay cells responsible for sending information from the 
lamina to the medulla and originate from the perikarya (cell bodies) above the lamina. In 
crustaceans investigated so far there are typically five classes of monopolar cells, named 
lamina monopolar cells 1-5 (LMC1-5) (Nassel, 1977, Nassel and Waterman, 1977, S. et al., 
1977, Strausfeld and Nassel, 1981, Sztarker et al., 2009). These are identified by the 
location of their cell body (in either the proximal (PML) or distal (DML) monopolar cell layer), 
the location of their dendrites in the external plexiform layers and whether they are contained 
within a single cartridge or extend into adjacent ones (Fig 5.1D and E). Thoen et al., (2017) 
Figure 5.1: Lamina of stomatopods. A) Structure of the stomatopod eye showing the retina (Ret) 
and midband (MB), and the first two optic neuropils the lamina (La) and medulla (Me) stained against 
synapsin (pink), f-actin (green), and cell nuclei (blue). B) The terminals of R1-7 terminate in two layers 
in the lamina, epl1 and epl2. C) Photoreceptor axons from the R8 cells do project through the lamina 
(La) and terminate in the upper layers of the medulla (Me). The R8 axons differ in their branching 
pattern within the lamina. D) Lamina monopolar cells from the hemisphere and those from the mid-
band (E). Source: A) Thoen 2014, B and C) Kleinogel et al., 2005, D and E) Thoen et al., 2017. Scale: 
A) 200µm
A B C
D E
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identified all five classes in the stomatopod lamina, LMC1, LMC2, LMC3 upper, LMC3 lower, 
LMC 4 and LMC 5, and further identified subtypes based on the cell morphology (ul: 
unilateral (one-sided), ml: multilateral (several sides), n: narrow, b: broad, s: stratified (in 
one layer), d: diffuse (spread through more than one layer).  
 
Tangential and amacrine cells provide local and feedback neurons within the lamina. These 
cells provide circuits which may amplify contrast between neighbouring channels and 
eliminate receptor noise. Tangential neurons have arborizing processes that extend over 
several lamina cartridges with their cell body sitting above the medulla and with their 
terminals in the outermost layers of the medulla. Three main types of tangential cells (Tan 
1-3) (Fig 5.2A and B) were identified by Thoen et al. (2017). In the crayfish lamina tangential 
cells have been implicated in polarization processing (Glantz, 1996b) with Tan 1 neurons 
showing sensitivity to various angles of polarized light. Three types of amacrine cell have 
been identified in stomatopods which likely provide local circuits within and between lamina 
cartridges (Fig 5.2C). Their cell bodies lie just below the lamina and some have dense wide-
field arborisations. Others are thin with few arborisations which extend through both 
plexiform layers of a single cartridge.  
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Figure 5.2: Tangential cells. A) Tan 1 cells with diffusely extending horizontal processes that extend 
from dense central branches and give rise to vertical collaterals. B) Tan 2 cells from the midband 
region, with widely extended processes and small branches extending into  the lamina cartridges. C) 
Type 3 wide field tangential cells (Tan 3) found in the midband which stretch across many cartridges. 
D) Variations of amacrine cells in the lamina. Source: Thoen et al., 2017. Scale bar: A,B and C) 20µm 
D) 10µm
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5.1.2 Colour and polarization vision circuitry 
As the terminals from the two different tiers in rows 1–4 end in the two different strata (epl1 
and epl2) the spectral information from each of these tiers could be kept separate at least 
until this stage. The midband LMC3 outer and inner are relay cells that could potentially 
transfer this spectral information due to their stratified dendritic branching pattern into either 
epl1 or epl2. LMC 1 and 2 on the other hand could possibly receive input from two narrow 
band spectral sensitivities which could either provide a broad banded colour channel or an 
opponent channel. LMC3 have previously been linked to roles of relaying information about 
the angle of polarized light (Glantz, 1996a, Nassel, 1976, Rutherford and Horridge, 1965, 
Thoen et al., 2017). Thoen at al. (2017) suggest the LMC3 inner and outer cells could 
receive information about circular polarization in the cartridges of rows 5 and 6. In these 
rows the LMC 1 and LMC 2 could provide a circular polarization insensitive channel for 
comparison.  
 
5.1.3 Aims 
Previous studies on the stomatopod lamina have focused on the gross morphology of the 
neuropil or individual elements of the lamina utilizing a number of staining techniques and 
mostly light microscopy. Semi thin serial sectioning was also used by Kleinlogel (2003, 2005) 
for tracing the retina to lamina projection patterns. The goal of this study was to use serial 
block-face scanning electron microscopy (SBF-SEM) to examine the structural anatomy of 
a stomatopod lamina cartridge. By developing methods for higher resolution imaging and 
tracing the dense network of neurons we were able to build a three-dimensional structure of 
a single lamina cartridge on an ultrastructure level. This enabled us to achieve a clearer 
picture of the network of cells within a lamina cartridge to investigate the complexity of the 
network of cells and photoreceptor terminals and make prediction about their potential 
synaptic contacts. 
 
5.2 Methods 
Haptosquilla trispinosa were collected from the intertidal region at Lizard Island 
(14°40'40.8"S; 145°26'48.1"E) (GBRMPA Permit no. G12/35005.1, Fisheries Act 
no.140763), at a depth of 0.2 to 1m, in April 2015. The animals were anesthetized by cooling 
on ice, decapitated, and both eyes were removed (including eye stalk) and fixed in 4% 
paraformaldehyde and 2.5% glutaraldehyde (in PEMS buffer) (adapted from (Chiou et al., 
2005)). After initial fixation, aided by a microwave regime (1 min at 80 watts under 
vaccum)(Pelco Biowave, Ted Pella, USA), the cuticle was then removed from the eye stalk 
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and further fixation was carried out, again aided by the microwave (1min at 80 watts under 
vaccum). 
 
 
5.2.1 Sample preparation 
Fixed tissue was further processed for imaging following method by Tapia et al. (2012). 
Samples were incubated in 2% osmium tetroxide and 1.5% potassium ferricyanide (aqueous 
solution) for 1hr at room temperature. Samples were then washed in UHQ water (3 x 5 mins) 
and put into thiocarbohydrazide solution for 20mins. After being rinsed in UHQ water (3 x 5 
mins) samples underwent further osmification in 2% osmium tetroxide (aqueous) for 30 
mins, again at room temperature. Samples were then rinsed (3 x 5 mins) before being 
switched into 1% uranyl acetate overnight at 4°C. Following another rinse (3x5 mins) 
samples were incubated in lead aspartate for 60 mins at 60°C. Samples were then rinsed 
(3 x 5 mins) and dehydrated with increasing concentrations of ethanol (20%, 50%, 70%, 
90%, 3 x 100%) for 5 mins each. Samples were then infiltrated with increasing 
concentrations of Durcupan resin in ethanol for 2 hours each (25%, 50%, and 75%). 
Samples were left in 100% Durcupan resin overnight and placed in fresh resin for 2 hours 
the following day. Samples were then embedded in 100% resin and allowed to polymerize 
for 24 hours in a 60°C oven. 
 
A sample was mounted onto an aluminium stub using a two-part silver epoxy and trimmed 
on an ultramicrotome (EM U26, Leica, Germany) until the end of the retina was reached. 
The stub was transferred to a Zeiss Sigma scanning electron microscope fitted with a Gatan 
3view. Sectioning and imaging was conducted at 100nm intervals with a voxel size of 22.2 
x 22.9nm, allowing for a field of view of 91.7 x 91.7µm, capturing the lamina cartridges of 
row 5 of the midband. 
 
5.2.2 Image analysis 
Data sets were analysed using Imod software (Kremer et al., 1996). Image stacks were 
aligned manually using the Midas command. Structures of interest were then segmented 
using the manual drawing tool aided by automated interpolator tool. A mesh was placed on 
the objects allowing them to be viewed in 3D. 
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5.3 Results                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
A considerable amount of method development was necessary to obtain useful images of 
the stomatopod lamina and the process was time consuming. Nonetheless, a full image 
stack through row 5 of the midband lamina was successfully obtained, showing two 
complete lamina cartridges. The photoreceptor terminals and R8 lvfs were all identified in 
two adjacent cartridges. Additionally, 5 monopolar cells were successfully identified and 
traced. A further three tangential neurons and one amacrine cell in one cartridge (Fig 5.3) 
were also identified.  
 
 
 
 
 
Figure 5.3: 3D reconstruction of a single lamina cartridge. 3D reconstruction of the photoreceptor 
terminals and lvfs (blue), monopolar cells (pink) and the tangential and amacrine cells (orange) of a 
single lamina cartridge of midband row 5. Scale: 20µm
Retina
Medulla
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5.3.1 Photoreceptor terminals and R8 lvfs 
The photoreceptor terminals of R1-7 were identified based on the projection pattern of 
Kleinlogel and Marshall (2005) (Fig 5.4). The axons from the retina form a bundle that 
undergoes a twist in the distal monopolar cell layer (DML) and the axons of R1-7 circle the 
R8 axon. As previously identified, R1-7 cell axons terminate in two distinct layers of the 
lamina (epl1 and elp2), with epl1 sitting distally to epl2, but not directly on top (Fig 5.5 and 
5.6). The terminals of R1, 4 and 5 end in epl1 while the terminals of R2, 3 and 6 end in epl2. 
It was also discovered that, in contrast to previous research, the terminal of R7 stretches 
across both epl1 and elp2. This was the case in both of the imaged cartridges (Fig 5.5 and 
Fig 5.6G).  
 
The R8 lvfs do not terminate in the lamina but project through it and terminate in the outer 
layers of the medulla. The R8 of row 5 cartridges is mostly smooth with a few small spines 
that reach towards both lamina layers. The spines come into contact with both monopolar 
and tangential cells in addition to other components that remain unidentified.  
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Figure 5.5: Plexiform layers of the row 5 lamina cartridge. The epl1 (A) and epl2 (B) of a row 5 
lamina cartridge showing the photoreceptor terminals (blue), lamina monopolar cells (purple), and 
tangential and amacrine cell (orange). The labelled photoreceptor terminals of R1-7 (1-7) and R8 (8) 
of epl1 (C) and epl2 (D). The photoreceptor terminals of R1, 5 and 4 end in epl1 and R2, 3 and 6 epl2. 
The terminal of R7 splits and terminates in both plexiform layers. The R8 lvfs can be seen in each 
layer. Monopolar cells of epl1 (E) and epl2 (F) showing LMC1 (M1 and M1*), LMC 2 (M2) and LMC3 
inner (M3*) and outer (M3). Tangential and amacrine cells of epl1 (G) and epl2 (H) showing Tan1 (T1 
and T1*) and Tan 2 (T2), and a possible large amacrine cell (A1) and small amacrine cell (A1). Scale: 
20µm
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5.3.2 Lamina monopolar cells 
Five monopolar cells were identified in a single cartridge, from three LMC classes (Fig 5.6). 
Two LMC1s were identified, with cell bodies located in the proximal monopolar cell layer 
(PML). These cells have arborisations in both plexiform layers, but their branches do not 
always contact each photoreceptor terminal from R1-7. One LMC1 has arborisations that 
reach three photoreceptor terminals (R4, R6 and R7), while the other reaches five of the 
terminals (R2, R3, R4, R6 and R7). One LMC2 was identified in the row 5 cartridge with a 
cell body located in the DML and with multilateral diffuse dendrites that reach the terminals 
of retinular cells 1, 2, 3 and 5. Two LMC3 were identified, with cell bodies that sit low in the 
DML almost between the cartridges. The LMC3 inner arborises in the epl2 and has unilateral 
dendritic branches, while the LMC3 outer has narrow arborisations in the epl1. Both the 
LMC3s had sparse arborisations reaching each photoreceptor terminal in their respective 
layers (R1, R4 and R5 in epl1 and R2, R3 and R6 in elp2), including the part of the R7 
terminal which extend into both layers. Due to limited resolution of the images and time 
constraints no synapses between the photoreceptor terminals and monopolar cells have 
been identified so far. Furthermore, no LMC4 or LMC5 were identified until now, but further 
tracing of the remaining neuronal profiles in the cartridge will likely provide this data. The 
axons from the LMCs in one lamina cartridge form a bundle beneath the lamina together 
with the R8 lvfs which further project to terminals in the outer layer of the medulla.  
Figure 5.6: Photoreceptor terminals of a lamina cartridge of row 5. Terminals of retinula cells 1-7 
(R1-7) and the lvfs of the R8. The R1-7 photoreceptors terminate in two layers, epl1 and epl2. R1, 4 and 
5 end in epl1, and  R2, 3 and 6 end in epl2. R7 splits and terminates in both plexiform layers. Grey area 
is the combined form of all terminals representing the area of a single cartridge. DTL: distal tangential 
layer, PTL: proximal tangential layer. Scale: 20µm
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5.3.3 Tangential and amacrine cells 
Four potential tangential cells and one potential amacrine cells were identified in a single 
cartridge (Fig 5.7). The cell bodies of both of these cell types reside below the lamina, and 
these were not within the range of the image stack. Furthermore, tangential cells were only 
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traced across a single cartridge so it could not be determined over how many cartridges 
they spanned.  
The potential tangential cells identified were likely type 1 (Tan 1) and 2 (Tan 2) (Fig. 5.7 A-
C). The Tan 1 has a thin axon running distally to the cartridge and extensive branching in 
both plexiform layers. This branching extends from 3 large branches that extend 
orthogonally from the main axon. One wide branch runs parallel to the axon through both 
plexiform layers with few fine processes extending from it. The branching of the Tan 1 cell 
reach all photoreceptor terminals. Both Tan 1 cells identified had the same structural 
elements but differed slightly in their finer branching elements. The identified Tan 2 cell has 
a thick axon positioned beneath the epl2 which extend thin branches into both lamina 
plexiform layers. This tangential cell has a slimmer structure compared to the Tan 1, with 
sparse branches extending off the main processes which reach several photoreceptor 
terminals (R1, 2 and 7). Finally, a branch of a potential unidentified tangential cell was also 
segmented (Fig 5.7D). This branch represents the end of the tangential cell and therefore 
lacks the thick axon seen in the other tangential cells. Processes off the main branch extend 
into both plexiform layers to be in close proximity to all photoreceptor terminal except that of 
R5. 
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An amacrine cell with processes that appear confined to a single cartridge was identified 
(Fig. 5.8E). This cell has thin processes and few arborisation which extend close to each 
photoreceptor terminal, though it appears most likely to have connections with those of 
retinular cells 1, 2, 3 and 5. The cell body of this amacrine cell was not identified below the 
lamina and therefore it may extend into adjoining cartridges.  
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5.4 Discussion 
Many of the findings in this study support previous work on the structure of the lamina 
cartridges in stomatopod crustaceans, even though different species were used. As 
expected, the photoreceptor terminals of R1-7 terminate in the two plexiform layers of the 
lamina, however they form more complex structures than what was reported by Kleinlogel 
et al. (2003, 2005). The terminals form irregular shapes that all have some degree of 
branching and splitting, resulting in a somewhat intertwined structure of terminals that make 
up the bulk of the two plexiform layers, of which the lvfs of the R8 passes between. This is 
different to previous reports which state that the R8 lvfs travels down the middle of the 
terminal cluster. The discrepancy is likely based on the finding here that the layers do not 
sit directly on top of one another but slightly askew, allowing the R8 lvfs to project straight 
between the two layers. The lvfs has several small spines which branch into each plexiform 
layer, and appear to contact either the monopolar or tangential cells. 
 
Another difference between the structure of the R1-7 terminals described in this study and 
previous studies is the fact that the R7 terminal split into two parts which terminate in each 
plexiform layer. Kleinlogel et al. (2003, 2005) described the R7 terminal as only terminating 
in epl2. The reason for this discrepancy may be due to the orientation of the terminals, where 
in certain orientations the part of the R7 terminal that ends in epl1 could be hidden behind 
the remaining part of the axon and other terminals. This illustrates the benefit of the 3D 
imaging and structure one is able to achieve using SFB-SEM. Here we were able to rotate 
the stack and identify the whole terminal structure, providing new information about potential 
connection between the photoreceptor terminals and monopolar cells. While it cannot yet 
be confirmed whether or not the structure of the R7 terminal is similar in other midband rows, 
it could be speculated that it is an adaptation found only in rows 5 and 6, not in rows 1-4. 
Rows 1-4 exhibit a tiered rhabdom structure with cells 1, 4 and 5 creating a distal tier, and 
cells, 2, 3, 6 and 7 creating a proximal tier in Row 1, 3 and 4, with Row 2 having reversed 
this pattern. This arrangement of cells may be conserved in the terminals in the lamina due 
to the different spectral sensitivities of each tier, which may be maintained for further 
processing deeper in the system. In rows 5 and 6, however, the main rhabdom is fused and 
each retinular cell has the same spectral sensitivity (which is broadbanded and achromatic). 
The sensitivities to circular polarization only differs in handedness between rows 5 and 6, 
not within a single row. There may therefore not be a need for the R7 terminal to be restricted 
to a single plexiform layer, and it may serve a purpose for it to reach both layers in rows 5 
and 6.  
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Thoen et al., (2017) suggested that the midband LMC3 cells could be associated with the 
processing of spectral information in rows 1-4 and polarization vision in rows 5 and 6 due to 
the restricted branching pattern of the LMC3s to a single lamina plexiform layer (LMC3 outer 
in the epl1 and LMC3 inner in the epl2). Here, two types of LMC3s were identified in a single 
lamina cartridge, one inner and one outer. Each cell has potential connections with each 
photoreceptor terminal in their respective plexiform layer, based on the proximity of their 
branches. In rows 5 and 6 the LMC3s could be encoding polarization information, specifically 
circular or elliptical polarization. The LMC 1 and 2 could then provide a potential opponent 
polarization insensitive channel.   
 
Unfortunately, no synaptic connections have been identified due to time restrictions in 
regards to the analysis of the images and also due to the lower resolution of the image stack. 
To be able to fit one entire lamina cartridge into the field-of-view of the camera, and make 
sure that the cartridge remains in the field-of-view while sectioning through the stack (there 
is often a shift due to difficulties in aligning the block perfectly straight), there were limits in 
the magnification that was used. However, tiling to extend the field of view combined with 
higher magnifications can achieve higher resolutions. And further work on the lamina 
cartridge connectome in stomatopods utilizing these methods would likely allow for synaptic 
resolution to be achieved.  
 
Traditional methods of microscopy have provided breakthroughs across many fields of 
science, but there are, however, limitations to deriving answers based on 2-dimensional 
data. The rise of 3-dimensional data sets has allowed new information to be uncovered, 
even in biological systems that have already been extensively researched. 3-dimensional 
data is also a perfect tool for tracing complex systems over large scales such as the neural 
connections investigated in this study.  
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Chapter 6: 
General discussion 
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This PhD thesis investigated the circular polarization vision (CPV) system of stomatopod 
crustaceans, using a variety of techniques to provide insights into the function and biological 
role across different species. Anatomical investigations into the structure of the R8 cells of 
rows 5 and 6 allowed the birefringent properties of the cell to be modelled which determines 
whether they function as quarter-wave retarders, the vital optical component that mediates 
CPV in these rows in some species. Behavioural experiments determined the visual abilities 
of two species of stomatopod, G. falcatus and H. trispinosa, supporting the results of the 
optical modelling. Finally, three-dimensional electron microscopy techniques explored the 
ultrastructure of the lamina, which is the first stage of processing of the polarized signals 
detected by the retina. Allowing the identification of different cell types including monopolar 
cells, tangential neurons and amacrine cells, as well as a providing a more detailed structure 
of the photoreceptor terminals than has been previously reported.  
 
6.1 Major findings 
6.1.1 Photoreceptor anatomy and birefringent modelling of R8 cells 
CPV was first demonstrated in stomatopods in 2008, where it was revealed that the R8 cell 
played a critical role in providing sensitivity to circularly polarized light (CPL) (Chiou et al., 
2008). This discovery led to several hypotheses regarding the use of CPV, which 
encompassed all species of stomatopods. However, despite the anatomical arrangement of 
rows 5 and 6 of the midband being largely the same, it rapidly emerged that subtle 
morphological differences resulted in not all species of stomatopods being sensitive to CPL. 
Changes to the dimensions of the R8 cell, particularly changes to the length, results in 
variations to the birefringent properties of the cell, which in turn affect the polarization 
sensitivity of the rows (Chapter 2).  
 
Variations in the size of the retina, caused by both ontogenetic development and body size 
differences between species, have the ability to affect the length of both the R1-7 and R8 
rhaboms. However, measurements of retinal cell lengths show the size of the R1-7 rhabdom 
varies greatly, up to 200µm in some species, often allowing the size of the R8 cell to be 
conserved. Modelling the retardation properties of the R8 cells across different species 
shows that the majority are sensitive to CPL, because their R8 cells retain the critical 
dimensions needed to function as quarter-wave retarders. However, one species of 
stomatopod, H. trispinosa, have shorter R8 cells that do not act as quarter-wave retarders. 
Consequently, they are optimally sensitive to another form of elliptically polarized light (EPL) 
which falls between linearly polarized light (LPL) and CPL. 
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6.1.2 Discrimination abilities and the function of circular polarization vision 
EPL was demonstrated behaviourally in H. trispinosa (Chapter 4), which was the first time 
this type of vision was confirmed in a stomatopod crustacean. This result supports the 
modelled birefringent property of the R8 cell in H. trispinosa, as shown in Chapter 2. 
However, this species could not differentiate between EPL and an alternative of either LPL 
or CPL, revealing that the principles of discrimination between different types of polarized 
light is not straightforward. This is reminiscent of the discrimination abilities of the 
stomatopods color vision, which, despite having a total of 12 different spectral sensitives, is 
also very coarse (Thoen et al., 2014). In a similar display of poor discrimination abilities, the 
second species examined behaviourally here, G. falcatus were unable to discriminate 
between left- and right-handed CPL, despite having R8 cells that act as quarter-wave 
retarders. They were able to discriminate CPL from both unpolarized and linearly polarized 
light (Chapter 3). 
 
Despite gaining further knowledge of the polarization sensitivities of stomatopods and 
function of the R8 cell, the use of both CPV and EPV still remains largely mysterious. One 
hypothesis for the function of CPV is that it provides a secret communication channel, one 
that allows stomatopods to signal to conspecifics while remaining invisible to predators and 
prey. For communication to be a practical function of CPV, stomatopods need to reflect CPL 
signals from some part of their bodies. These reflections are indeed present in some 
species, and can cover a large body area as seen in G. falcatus (Chapter 3). But CP signals 
are highly variable between species (Chiou et al., 2005, Cronin et al., 2009), with some 
species lacking these signals completely and other species, such as Odontodactylus sp.  
displaying differences between males and females (Chiou et al., 2008). The natural 
response of G. falcatus to polarized light was tested by using their instinct to seek refuge in 
burrows (Chapter 3). These experiments revealed that CPL appears to be used as a signal 
for burrow occupancy, with G. falcatus avoiding burrows that emitted a CP signal and 
therefore presumably another stomatopod. Since encountering other stomatopods can 
potentially be dangerous, or even fatal, the presence of CPL may signal this before conflict 
occurs.  
 
H. trispinosa, despite having EPV, do not have EP reflections, it is therefore unlikely that 
this species use EPV as a form of conspecific communication, but they may use it to avoid 
burrows of other species of stomatopod. Additionally, when testing H. trispinosa in the 
burrow refuge experiment they had a preference of right-handed EP (R-EP) over left-handed 
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EPL (LEP), and also preferred REP over LP (Chapter 4). This suggests that H. trispinosa 
are both able to detect these forms of polarized light and have some preferences over the 
different types. Perhaps a common prey of H. trispinosa reflect REP, or that a potential 
competitor or predator reflects LEP or LP.  However, since sources of EP reflections 
underwater have not been well researched, these hypotheses are yet to be tested. 
 
6.1.3 Neural architecture of stomatopods 
To fully understand how an animal sees the world it is important to know not only what 
information they are receiving in the retina, but also how that information is processed. This 
area of research is in its infancy in stomatopods, but has been advanced in this PhD. The 
poor behavioural discrimination abilities of stomatopods, in both the colour and polarization 
vision systems, are likely a product of how they process visual information. Several forms of 
processing systems have been proposed for the colour vision system, including serial di-
chromatic opponency and a binned, parallel processing scheme (Thoen et al 2014, Arikawa 
and Marshall 2014). It is possible that the stomatopods use the same type of system for the 
processing of polarized signals, but little is known about the ultrastructure and physiology of 
the cells in the stomatopod neural architecture.  
 
This thesis presented a new method, serial block-face SEM, for identifying neuronal cell 
types in the first optic neuropil, the lamina (Chapter 5). While most of the findings support 
some of what has previously been reported in the literature, several discrepancies highlight 
the importance of considering the three-dimensional structure in high resolution. 
 
The terminals of retinular cells 1-7 end in two distinct layers, epl1 and epl2, supporting the 
original findings of Kleinlogel et al., (2003, 2005). However, for the row 5 cartridges, the R7 
terminal splits and terminates in both layers. Additionally, the R8 long visual fiber (lvfs), 
which are expected to pass through the center of the cartridge to terminate in the medulla, 
were found to pass between the two plexiform layers with several branches reaching into 
both plexiform layers. The discrepancy in these findings compared to previous work is likely 
due to the viewing orientation used in previous studies combined with a large sectioning 
interval making it harder to trace the terminals within a single cartridge. 
 
This new method also allowed for the identification of the types of lamina monopolar cell 
(LMC) present in a single lamina cartridge. Here five monopolar cells from three LMC 
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classes were segmented from a single cartridge, a finding which would not be possible using 
other common neural tracing techniques. 
 
6.2 Future directions 
6.2.1 Function of rows 5 and 6 
Classic discrimination experiments provide insight into the visual capabilities of animals but 
they provide no information for what these abilities are used for. Specially designed 
experiments, such as the refuge choice experiment, can provide some biological context, 
however it is apparent that this context may vary depending on the species tested and their 
natural behaviour. To overcome these challenges, it is important to further explore sources 
of CPL and EPL underwater, including signals that may be reflected from potential prey or 
predators. Combining knowledge of polarization sources underwater together with field 
observations of stomatopod behaviour could provide insights into the use of rows 5 and 6 
of the midband that may not be easily disentangled in an experimental paradigm.  
 
6.2.2 Synaptic connections in the lamina 
SBF-SEM provided a very useful tool for exploring the ultrastructure of the lamina cell types 
in Chapter 5. The next step in this research is to focus on identifying the synaptic 
connections though higher resolution imaging. Identifying synapses will determine which 
monopolar cell types are relaying information from specific photoreceptor terminals, as well 
as provide information about potential transfer of information between the R8 lvfs and 
monopolar cells. Intracellular electrophysiological recordings of the monopolar cells would 
also be necessary to further investigate the processing of polarized information in the 
lamina. SBF-SEM should also be used to explore the lamina cartridges for the remainder of 
the midband rows, to gain insight into the processing of spectral information, and also in the 
hemispheres for processing of spatial and linear polarization. Finally, SBF-SEM will also be 
an important tool for mapping out the processing pathway at the second optic neuropil, the 
medulla.  
 
6.3 Conclusion 
Despite humans being largely insensitive to polarized light, this form of irradiation plays a 
vital role in the lives of many animals. Sensitivity to linearly polarized light is particularly 
prevalent and provides information for navigation, communication and object detection. On 
the other hand, circular polarization vision has only been demonstrated in stomatopods and 
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research into its function is in its infancy. The research presented in this thesis provides the 
next step in understanding this unique ability and poses new questions for future research. 
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Supplementary materials for: 
Circularly Polarized Light as a Communication Signal in Mantis Shrimps 
Yakir Luc Gagnon, Rachel Marie Templin, Martin John How, and N. Justin Marshall 
 
Supplemental Information 
Supplemental Data 
 
 
Figure S1: Spectra of stimuli in the refuge setups: The columns denote the different setups 
(from left to right): Burrow entrance, Burrow end (filter a & filter b), and Mono burrow end 
setups. The rows denote (from top to bottom) relative light intensity (I), degree of linear 
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polarization (DoLP), angle of linear polarization (AoP), and degree of circular polarization 
(DoCP), where negative values are left-handed circular polarization and vice versa. The x-
axis in all the panes is wavelength () in nm. The red and black lines describe the circular 
polarized (LCP) and unpolarized (UP) stimulus respectively. Notice the large spectral 
difference in the reflectance between the LCP and UP stimuli in the Burrow entrance 
experiment. These differences are a lot smaller in the Burrow end experiment, and non-
existent in the Mono burrow end experiments. The source of the noise in the spectra is the 
lack of any light, and therefore information, in those parts. (relates to Figure 4)  
 
 
 
Table S1: Summary of the results for all the experiments in this study: The columns of the 
table are Setup - experimental setup; Experiment - the stimuli the animals were presented 
with (LCP - left-hand circular polarized, RCP - right-hand circular polarized, LP - linearly 
polarized, UP - unpolarized); n - the number of specimens used in the experiment (and the 
number of males and females respectively); Length - animal mean length in mm (and the 
minimum and maximum lengths); S(Cpl+Ab) - number of successes (i.e. a choice for the 
stimulus with the diamond3) out of number of completed (Cpl) and aborted (Ab) runs; Pr - 
the preference calculated from the GLMM; and P - the resulting P-value (significance is 
further indicated with asterisks as follows: 0 *** 0.001 ** 0.01 * 0.05 ns 1). (relates to Figure 
3) 
 
The animals' sex, body length, primed stimulus (left-hand circular polarization (LCP) or right-
hand circular polarization (RCP)), or its location (left or right side of tank) did not have any 
significant effect on the animals' choice in the behavioural discrimination of circular 
polarization experiment. However, linear polarization (LP) and L/RCP discrimination was 
 105 
significant (P=0.004) with 32 correct choices out of a total of 44 (see Table S1). In all the 
natural preference burrow experiments, the remaining factors (CP, Tube, Sex, or Length) 
did not have any significant effect on the animals' choice. Neither was there any significant 
(P & 0:3) preference (all preferences were less than 66%) in the remaining three 
comparisons (Left-hand circular polarized versus right-hand circular polarized, left-hand 
circular polarized versus linearly polarized, and linearly polarized versus unpolarized). Since 
some of the animals used in those comparisons were previously exposed to other 
comparisons (i.e. about 3 previous runs), their choices might have depended on their 
experience of being removed from the burrow and placed back into their aquaria after a non-
CP choice rather than any real preference. This may explain the discrepancy between the 
animal's ability to discern between LP and CP (in the Discrimination experiments) and lack 
of natural preference between these two polarizations. 
 
Supplemental Experimental Procedures 
Individual Gonodactylaceus falcatus were collected from coral rubble at about five meters' 
depth outside Lizard Island, Queensland, Australia for all experiments and were held in 
individual opaque aquaria prior to experimentation. Animals were fed shrimps twice a week 
and their aquaria were supplied with running seawater at room temperatures under semi-
outdoors lighting conditions. 
 
Polarimetry 
Animals were collected on the 18th of May 2015. Four individuals (two males and two 
females ranging between 25 and 35 mm with a mean of 31 mm in length) were 
photographed for their polarization patterns 
 
Discrimination 
Animals were collected on the 20th of February 2014. 16 individuals were caught (nine 
males and seven females) ranging between 28 and 51 (mean 40) mm in length. The different 
polarization states in the discrimination experiment were constructed using a linear polarizer 
lm and a quarter-wave retarder lm (American Polarizers, Reading, USA) glued to the at end 
of a cable tie [S1]. The size and shape of the cable tie was appropriate for the size of the 
animal. The cable ties also allowed for the animal to grab the stimulus and drag it back to 
their burrow, a natural behaviour for these stomatopods. LCP, LP, and RCP were achieved 
by gluing the retarder to the polaroid so that the angle between their fast-axes was -45, 0, 
or +45 (the stimuli's polarization states were visually verified using polarization standards). 
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Excluding the polaroid and the retarder altogether resulted in the unpolarized (UP) stimulus 
(i.e. nothing was glued to the cable tie's at end). It is important to note, therefore, that the 
unpolarized stimulus had a different colour and intensity to the other target types. 
 
Before presenting the stimuli to the animals, a barrier was placed down in front of the 
animals' burrow while the stimuli were placed in the aquarium. A at weighted surface was 
used as a stage for the stimuli to be placed on. Once everything was in place the barrier 
was lifted for the animal to make a choice. Each animal had two minutes to make a choice 
before the run was cancelled. Sixteen animals were trained three times each morning (8:00), 
noon (11:30), and afternoon (15:00) (i.e. for a total of nine times a day) for a period of seven 
days. 
 
Burrow entrance 
Twenty-four individual G. falcatus were collected on the 1st of July 2013 (12 from each sex, 
size: 21{40 (mean 31) mm). Small holes were drilled into the end of the refuges to allow the 
constantly-running water to drain through, thus ensuring that no air pockets were caught in 
the tubes while minimizing any olfaction cues. In the case of the unpolarized burrow, this 
stack was composed of a white diffuser (PTFE sheet; Dotmar EPP Pty Ltd, Acacia Ridge, 
Australia) and a 0.3 neutral density filter (Lee Filters, Andover, UK). The circular polarized 
filter stack was made out of a white diffuser, a linear polarizer film, and a quarter-wave 
retarder film. The angle between the fast-axes of the polaroid and retarder was -45 relative 
to the direction of view. The filters in each stack were glued together with epoxy glue and 
the filter stack was attached to the tubes' entrance with cyano-acrylate glue. These two filter 
stacks functioned by reflecting ambient light (that traveled through the stack) from the white 
diffuser, through the remaining filters, back to the observing animal. The animals' choices 
were monitored from a small webcam above the arena, which was lit naturally from above 
by daylight. Individual animals were placed in the arena and allowed to make a choice 
between the burrows. Runs were aborted if the animal failed to choose a burrow within 20 
minutes. After each run, the seawater in the setup (i.e. arena and burrow tubes) was 
replaced with fresh seawater in order to remove any olfactory cues. Each tube and its 
corresponding filter stack was fitted into the arena's holes at random. Because the filters 
were glued to the plastic tubes, any significant preference might have been due to the tube 
itself and not the polarization. To eliminate this possibility, the filter stacks and tubes were 
swapped in the middle of the experiment (requiring regluing the stack to the tube). It is 
important to note that the lighting environment in this experiment resulted in small 
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differences in polarization, spectrum, and intensity between the two-filter stack configuration 
(see Figure S1), and so we cannot totally rule out that cues other than circular polarization 
were used by these animals, even though circular polarisation cues were the strongest. This 
led us to develop the following two experimental setups. 
 
Burrow end 
Animals were collected on the 20th of February 2014. Twenty-two individuals were caught 
(12 males and 10 females; size: 15{40 (mean 27) mm). The burrow tubes had a glass 
window (oat glass window, 25mm diameter; Edmund Optics, Nether Poppleton, UK) at their 
other end. Behind the tubes was a reversible filter-bank (threaded 30 mm cage plate, 0.5" 
thick; Thorlabs, Newton, USA) with three filters in the following order: a) a circular polarizer 
(Edmund Optics, left-handed, 25mm diameter), b) a white diffuser (PTFE sheet; Dotmar 
EPP Pty Ltd, Acacia Ridge, Australia), and c) a 0.3 neutral density filter (Lee Filters, 
Andover, UK). These filters were enclosed between two glass windows and retaining rings. 
Aligned with the filter-cages were the two ends of a bifurcated light guide (multi branch fibre 
optic bundles; Newport, Irvine, USA) which was connected to a light source (LG-PS2; 
Olympus, Tokyo, Japan). The light source was fitted with a 500 nm (25 nm FWHM) 
interference bandpass filter (Newport, Irvine, USA) (see Figure S1). All three components - 
the arena, the filter-banks, and the light guides - were fitted to an aluminum board for stability 
and improved alignment. A specially formed removable black-box shaded the burrows and 
filter-cages from any external light-pollution, preventing stray light from affecting the results. 
As in the Burrow entrance setup, a webcam allowed the experimenter to follow the animal's 
behaviour. The arena was homogeneously lit from above with white light (LG-PS2; Olympus, 
Tokyo, Japan) and was filled with seawater at room temperature while making sure that 
there were no air pockets trapped in the burrow tubes. After each run the seawater in the 
setup was replaced in order to remove any olfactory cues.  
 
In addition to the UP versus LCP comparison, three additional comparisons were tested: 1) 
LCP v RCP, 2) LCP v LP, and 3) LP v UP. These three experiments were performed using 
the Burrow end setup with three different reversible filter banks in the following order: 
1. LCP v RCP: a) quarter-wave retarder lm (American Polarizers, Reading, USA); b) linear 
polarizer lm (American Polarizers, Reading, USA) glued to (a) with epoxy so that their fast-
axes were at 45, c) white diffuser (PTFE sheet; Dotmar EPP Pty Ltd, Acacia Ridge, 
Australia), d) a linear polarizer lm oriented in parallel to (b); e) quarter-wave retarder lm 
glued to (e) so that their fast-axes were at +45. 
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2. LCP v LP: a) quarter-wave retarder lm; b) linear polarizer glued to (a) at -45; c) white 
dffiuser; d) linear polarizer lm; and e) a quarter-wave retarder lm glued to (d) with fast axes 
at 0. 
3. LP v UP: a) linear polarizer lm; b) white diffuser; and c) 0.3 neutral density filter (Lee 
Filters, Andover, UK). 
 
Mono burrow end 
Animals were collected on the 18th of May 2015. Eighteen individuals were caught (12 
males and six females; size: 15-35 (mean 26) mm). The experimental setup for the Mono 
burrow end was similar to the Burrow end setup but instead of two burrows, the animals 
were presented with only one. Aligned with the filter-cage (only one cage was used in this 
setup) was one end of a bifurcated light guide which was connected to a light source (LG-
PS2; Olympus, Tokyo, Japan). The other end of the bifurcated light guide was placed directly 
above the burrow and provided the only source of ambient light (the light guide's end was 
submerged in the seawater). The light source was fitted with a 550 nm (25 nm FWHM) 
interference narrow bandpass filter (Newport, Irvine, USA). Thus, both the ambient light and 
the signal were solely composed of 550 nm narrowband monochromatic green light. 
Artefactual linearly polarized light in the LCP signal is completely removed by the exclusion 
of ambient light at wavelengths other than the signal's (see Figure S1). Additionally, the 
choice of 550 nm (instead of the 500 nm in the previous experiments) depended on authors' 
observation that the filter stack minimally reflected LP at that wavelength. All the other setup-
components were the same as in the Burrow end setup (e.g. white pebbles, aluminum 
board, black-box shade, seawater, webcam, etc.). We measured the time it took the animals 
to enter the burrow. This was defined as the time between their release into the arena and 
when their telson passed the burrow's entrance. 
 
Calibration 
The intensity, spectrum, and polarization state of the stimuli in our experiments were 
carefully measured using a Glan-Thompson polarizer and a quarter wave Fresnel-rhomb 
(Edmund Optics, York, UK) fitted together and connected to a calibrated spectrometer (VIS-
NIR USB4000; Ocean Optics, Dunedin, FL, USA) with a fiber optic (VIS-NIR 1000m; Ocean 
Optics, Dunedin, FL, USA). The spectra for the Burrow entrance setup was measured by 
lighting the filters with diffuse white ambient light and measuring the light reflected from the 
filter stacks. While most of the signal was produced by light transmitted through the filter 
banks in the Burrow end setup, some of the ambient light entered the burrows and reflected 
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back at the viewing animal. We therefore needed to measure the sum of both the reflected 
and transmitted light to know the exact spectral and polarization state of the signals. Since 
the size and shape of the arena and burrows prevented us from measuring polarimetry 
directly (the Glan-Thompson and Fresnel-rhomb setup was large), we calculated the 
resulting signals by combining three measurements: 1) the intensity of the light at the 
burrow's back end from the arena (i.e. ambient light that has been re off of the arena walls 
and bottom into the burrow tube), 2) the reflectance of the filter bank, and finally 3) the 
intensity of the light at the burrow's back end transmitted through the filter bank into the tube 
(i.e. the green light that passed through the filter bank towards the burrow tube). By 
multiplying the ambient light at the burrow's end (#1) with the reflectance (#2), we could 
compare the reflected light intensity to the transmitted light intensity (#3). Finally, we shone 
500 nm light through the filter bank (now separated from the setup) while shining diffuse 
white ambient light in such a proportion as to emulate the relationship of 
reflected/transmitted light we found from before. This allowed us to measure the polarimetry 
of the two sides of the filter bank. The results of these calibrations are shown in Figure S1. 
 
Statistical analysis 
Our full model included one measurement variable: `Success' for the binomial tests and 
`Time' for the Mono burrow end test, and four terms: `Side', `Sex', `Length', and `ID' (the 
discrimination experiment included an additional term, `Primed' and the Burrow entrance 
experiment included `Tube'). `Success' was true if the animal chose the typical `non-LCP' 
burrow in the borrow choice experiments or the polarization it was primed for in the 
Discrimination setup. `Side' was a factor with two levels indicating which side (i.e. left or 
right) had the typical stimulus. The `Side' factor allowed us to control for sidedness (i.e. the 
animals' left/right handedness) or burrow-preference that had to do with factors other than 
polarization (i.e. variations in burrow colour, intensity, size, shape, smell, tactile stimuli, 
magnetic cues, micro currents, etc.). Since each stomatopod was tested more than once, 
this model included the individual stomatopod's unique identification number as a random 
term, `ID'. The full model was reduced until the explanatory power of the model significantly 
declined. 
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